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Abstract 

FK506 is a new FDA-approved immunosuppressant used for prevention of allograft rejection in, 
for example, liver and kidney transplantations. FK506 is inactive by itself and requires binding to 
an FK506 binding protein-12 (FKBP-12), or immunophilin, for activation. In this regard, FK506 is 
analogous to cyclosporin A, which must bind to its immunophilin (cyclophilin A) to display activ- 
ity. This FK506-FKBP complex inhibits the activity of the serine/threonine protein phosphatase 2B 
(calcineurin), the basis for the immunosuppressant action of FK506. The discovery that im- 
munophilins are also present in the nervous system introduces a new level of complexity in the reg- 
ulation of neuronal function. Two important calcineurin targets in brain are the growth-associated 
protein GAP-43 and nitric oxide (NO) synthase (NOS). 

This review focuses on studies showing that systemic administration of FK506 dose-dependently 
speeds nerve regeneration and functional recovery in rats following a sciatic-nerve crush injury. The 
effect appears to result from an increased rate of axonal regeneration. The nerve regenerative prop- 
erty of this class of agents is separate from their immunosuppressant action because FK506-related 
compounds that bind to FKBP-12 but do not inhibit calcineurin are also able to increase nerve re- 
generation. Thus, FK506's ability to increase nerve regeneration arises via a calcineurin-independent 
mechanism (i.e., one not involving an increase in GAP-43 phosphorylation). Possible mechanisms of 
action are discussed in relation to known actions of FKBPs: the interaction of FKBP-12 with two Ca 2+ 
release-channels (the ryanodine and inositol 1,4,5-triphosphate receptors) which is disrupted by 
FK506, thereby increasing Ca 2+ flux; the type 1 receptor for the transforming growth factor-P (TGF-P 1 ), 
which stimulates nerve growth factor (NGF) synthesis by glial cells, and is a natural ligand for FKBP- 
12; and the immunophilin FKBP-52/FKBP-59, which has also been identified as a heat-shock protein 
(HSP-56) and is a component of the non transformed glucocorticoid receptor. 

Taken together, studies of FK506 indicate broad functional roles for the immunophilins in the 
nervous system. Both calcineurin-dependent (e.g., neuroprotection via reduced NO formation) 
and calcineurin-independent mechanisms (i.e., nerve regeneration) need to be invoked to explain 
the many different neuronal effects of FK506. This suggests that multiple immunophilins mediate 
FK506's neuronal effects. Novel, nonimmunosuppressant ligands for FKBPs may represent impor- 
tant new drugs for the treatment of a variety of neurological disorders. 

Index Entries: Calcineurin; cyclosporin A; FK506; FKBP-12; glucocorticoid receptor; immuno- 
philin; immunosuppressant; nerve regeneration. 
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The Current Status of Drugs 
for Nerve Regeneration 

The development of new therapeutics to 
augment nerve regeneration is an area of in- 
tense research activity. Some of the agents that 
have been experimentally examined are the 
melanocortins, adrenocorticotrophic hormone 
(ACTH) and oc-melanocyte-stimulating hor- 
mone (a-MSH) (Bijlsma et al., 1981; 1984; De 
Koning and Gispen, 1987a; Edwards et al., 
1985; Sporel-Ozakat et al., 1990; Strand and 
Kung, 1980; Strand and Smith, 1986), the tri- 
substituted ACTH analog Org 2766 (Sporel- 
Ozakat et al., 1990; De Koning and Gispen, 
1987b), testosterone (Jones, 1993), uridine in 
experimental diabetic neuropathy (Gallai 
et al., 1992), gangliosides in diabetic animals 
(Ekstrom and Tomlinson, 1990), insulin and 
insulinlike growth factor (Ekstrom et al., 1989; 
Kange et al., 1989; Roth et al., 1995), isaxonine 
(Sebille et al., 1982), and the long chain fatty 
alcohol /7-hexacosanol (Starr et al., 1996). 
Limited clinical trials have been reported with 
several of these agents. The most widely 
lauded of these are the gangliosides. However, 
in those countries where clinical trials have 
been undertaken (e.g., Britain, Italy, but not 
the United States), the use of gangliosides has 
been discouraged or banned because of the de- 
velopment of Guillain-Barre syndrome in a 
small percentage of patients (Schonhofer, 1991; 
Figueras et al., 1992; Landi et al., 1993). 
Similarly, isaxonine (Nerfactor), was with- 
drawn from clinical trials because of hepato- 
toxicity (Letteron et al., 1984). Org 2766 has 
been tried in a limited number of patients, the 
results to-date being equivocal (Gorio et al., 
1993). One agent currently in clinical use that 
has been shown to speed functional recovery 
following a sciatic-nerve crush lesion is nimo- 
dipine (Gispen et al., 1991), a dihydropyridine 
calcium antagonist. However, results obtained 
from animal studies on its regenerative prop- 
erties have not been impressive; although re- 
generation begins slightly earlier, ultimately, 
there was no difference from untreated ani- 
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mals in the time needed to achieve full recov- 
ery (Angelov et al., 1996). Furthermore, the use 
of this agent for the treatment of nerve regen- 
eration could be limited by possible untoward 
cardiovascular effects (Murad, 1990). Thus, the 
search continues for an agent that can be used 
to enhance nerve regeneration in humans 
without adverse side effects. 



FK506: Historical Background 

FK506 is a new FDA-approved immunosup- 
pressant macrolide drug isolated from 
Strcptomyccs tsukuhaensis (Kino et al., 1987a,b) 
and used for organ transplantations (Hoffman 
et al„ 1990; Starzl et al, 1987, 1989). The drug 
was discovered and isolated in 1984 from a soil 
sample obtained from Tsukuba, Japan, upon 
screening microbial fermentation broths using a 
mixed lymphocyte reaction (Kino and Goto, 
1993). The first experimental study of FK506 on 
cardiac transplantation in rats was reported in 
1987 by Ochiai and coworkers (Ochiai et al., 
1987). Clinical trials, pioneered by Thomas 
Starzl's group at the University of Pittsburgh 
began in February 1989 (Starzl et al., 1987). Over 
the years, FK506 has been shown to possess two 
important properties that make it superior to 
cyclosporin A, currently the most widely em- 
ployed drug for preventing allograft rejection. 
First, FK506 is a more potent immunosuppres- 
sant (by approx 10X) than cyclosporin A in vitro 
(Kino et al., 1987a,b; Tocci et al., 1989), in ani- 
mals (Ochiai et al, 1987; Murase et al., 1987; 
Ochiai et al., 1988; Sakai et al., 1991; Todo et al., 
1987, 1988, 1989), and in humans, leading to 
fewer instances of rejection and retransplanta- 
tion (Hoffman et al., 1990; Starzl et al., 1989; 
McDiarmid et al., 1995). Second, initial reports 
indicated that its toxicity in humans was far less 
than that associated with cyclosporin A (Starzl 
et al., 1989; Shapiro et al., 1990). Whereas the in- 
cidence of toxicity has subsequently been found 
to vary among transplant centers (Klintmalm, 
1994; Neuhaus et al., 1994), including the devel- 
opment of moderate-to-severe neurotoxicity 
(including cortical blindness, tremor, seizures, 
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and encephalopathy) in anywhere from 3-21% 
of patients (Lopez et aL, 1991; Mueller et aL, 
1994; Wijdicks et aL, 1994; Bronster et al., 1995; 
Vincenti et aL, 1996), this discrepancy has been 
attributed to the tendency to overdose with 
FK506 (Fung et al., 1996). Consequently, FK506 
is beginning to replace cyclosporin A as the 
drug of choice in the treatment of allograft 
rejection. 

FK506: Overview 
of Neuronal Properties 

Whereas its immunosuppressive effects 
alone make this an important new clinical 
drug, FK506 has also been found to possess a 
variety of neuronal properties, including pro- 
tection against ischemic brain injury (Sharkey 
and Butcher, 1994; Ide et al., 1996; Tokime 
et al., 1996; Butcher et al., 1997) and glutamate 
neurotoxicity in vitro (Dawson et al., 1993) (al- 
though a very recent study [Butcher et aL, 
1997] did not substantiate protection against 
glutamate toxicity in vivo), prevention of 
N-methyl-D-aspartate (NMDA)-receptor de- 
sensitization (Tong et al., 1995), prevention of 
kindling (Moriwake et al v 1996) blockade of 
long-term potentiation (LTP) and long-term 
depression (LTD) in the visual cortex (Torii 
et al., 1995; Funauchi et al., 1994), facilitation of 
LTP (Ikegami et aL, 1996) and blockade of LTD 
in the rat hippocampus (Hodgkiss and Kelly, 

1995) , and alteration in neurotransmitter re- 
lease (Steiner et aL, 1996) and endocytosis 
(Kuromi et aL, 1997). In regard to the latter, 
whereas LTP and LTD have not been proven 
to underlie learning and memory; it may be 
relevant that cyclosporin A also inhibits mem- 
ory formation in day-old chicks (Bennett et aL, 

1996) . It is likely that all these FK506 neuronal 
properties are mediated by calcineurin inhibi- 
tion. For example, calcineurin is known to reg- 
ulate NMDA-receptor desensitization (see 
Tong et al., 1995). Furthermore, by preventing 
calcineurin-dependent NOS dephosphoryla- 
tion, FK506 would inhibit NOS activity 



thereby reducing formation of NO that has 
been implicated in mediating neurotoxicity 
(Dawson et aL, 1993; Snyder and Sabatini, 
1995), and the generation of both LTP 
(Schuman and Madison, 1991; O'Dell et aL, 
1991; Kantor et aL, 1996) and LTD (Shibuki and 
Okada, 1996; Malen and Chapman, 1997). The 
apparent contradictory findings that FK506 
elicits both an inhibition of NMDA-induced 
neurotransmitter release (Steiner et aL, 1996) 
and an augmentation of depolarization- 
induced neurotransmitter release have been 
attributed to a similar underlying mechanism; 
i.e., altered phosphorylation of the calcineurin 
substrates NOS and synapsin I, respectively 
(Steiner et aL, 1996). It is possible that any 
one of these alterations may play a role in the 
development of some of the neurological 
sequelae observed in the occasional patient 
undergoing FK506 therapy (Lopez et aL, 1991; 
Mueller et aL, 1994; Wijdicks et aL, 1994; 
Bronster et al., 1995; Vincenti et aL, 1996). 

In addition to these interesting neuronal 
properties, FK506 speeds nerve regeneration 
in the peripheral nervous system of the rat 
with a focal crush lesion of the sciatic nerve 
(Gold et aL, 1994, 1995). The nerve regenera- 
tive property of FK506 is the focus of this 
review. A priori, it would not be expected that 
an immunosuppressant drug (FK506) would 
alter axonal regeneration since Wallerian de- 
generation is not an immune-mediated event 
(Griffin et al., 1993). Furthermore, even if a re- 
duction in macrophage infiltration (Briick and 
Friede, 1990) occurs following FK506 adminis- 
tration, such an alteration would be expected 
to impair nerve regeneration by delaying the 
removal of products of Wallerian degenera- 
tion from the distal stump (Beuche and Friede, 
1984; Friede and Briick, 1993) studies utilizing 
the Ola (Wld) mouse mutant (Perry et al., 
1990a,b), for example, show that a delay in 
Wallerian degeneration and macrophage infil- 
tration leads to an impairment in axonal regen- 
eration of sensory (Ludwin and Bisby, 1992) 
and motor (Chen and Bisby, 1992) neurons. 
Why, therefore, should FK506 alter nerve re- 
generation? To answer this question, it is first 



Molecular Neurobiology 



Volume 15, 1997 



18069302 



288 

necessary to understand FK506's mechanism 
of immunosuppression. 



The Immunophilins 
and Immunosuppression 

Immunosuppressant drugs FK506 and cyc- 
losporin A are prodrugs that are activated 
when bound to their respective binding pro- 
teins (immunophilins), FK506-binding-protein 
(FKBP) and cyclophilin, respectively (Schreiber 
and Crabtree, 1992). The function of the im- 
munophilins as mediators of immunosuppres- 
sant drugs has recently been reviewed 
(Schreiber, 1991). FKBPs are a family of im- 
munophilin proteins named according to their 
size (in kD): for example, FKBP-12, -13, -25, -51, - 
52, and -59 (Schreiber and Crabtree, 1992; 
AInemri et ah, 1993; Sigal and Dumont, 1992). 
Initially, it was thought that the immunosup- 
pressant actions of FK506 and cyclosporin A 
were caused by the ability of their respective im- 
munophilins to prevent the intercon version of 
the ci$~ and trans- isomers of prolyl residues of 
proteins (Walshet al., 1992). However, subse- 
quent studies proved that peptidyl prolyl iso- 
merase (PPI) activity does not play a role in 
immunosuppression (Dumont et al., 1992; 
Wiederrecht et al., 1992), since not all immuno- 
suppressant analogs of these two agents inhibit 
isomerase activity (Sigal et al., 1991) and, con- 
versely, not all isomerase inhibitors are im- 
munosuppressants (Tocci et al., 1989; Dumont et 
al v 1992; Sigal et al., 1991; Bierer et al., 1990; for 
review, see Wiederrect and Etzkorn, 1995). [The 
rotamase activity of the immunophilins has 
been shown to have physiological functions, 
such as inhibition of collagen assembly by cy- 
closporin A (Lewin, 1995; Compton et al, 1992; 
Bachinger et al., 1993) and FK506 (Hans Peter 
Bachinger, personal communication).] It is 
widely accepted that the most likely mechanism 
for the action of these agents involves inhibition 
of the activity of cakineurin (Freman et al, 1992), 
a calcium/calmodulin-dependent phosphoser- 
ine/phosphothreonine protein phosphatase, 
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also known as PP-2B (Walsh et al., 1992; 
Dumont et al., 1992; Liu et al., 1991). By inhibit- 
ing the calcineurin-induced dephosphorylation 
of a nuclear factor of activated T-cells (NFAT), 
FK506 and cyclosporin A prevent NFAT 
translocation into the nucleus where it induces 
interleukin-2 (1L-2) secretion, thereby prevent- 
ing T-cell proliferation (Tocci et al., 1989; 
Schreiber and Crabtree, 1992; Sigal and 
Dumont, 1992; Freman et al., 1992; Terada et al., 
1992). Of the variety of FKBPs, it has been 
demonstrated (Sigal and Dumont, 1992; Liu et 
al., 1991) that FKBP-12 mediates FK506's im- 
munosuppressant activity in T-cells. Whether 
the inhibition of the expression of the proto- 
oncogenes c-nnjc and c-fos (Sigal and Dumont, 
1992) is involved in their immunosuppressant 
action is unclear. Recently, a second FKBP 
(FKBP-51), which is specifically expressed in T- 
lymphocy tes (T-cells), has been demonstrated to 
also inhibit cakineurin (Baughman et al., t 1995) 
suggesting that multiple immunophilins may 
participate in mediating FK506's immunosup- 
pressant action. 



The Immunophilins 
in the Nervous System 

Immunophilins are enriched in neurons 
throughout the central (Steiner et al., 1992) 
and peripheral (Lyons et al., 1995) nervous 
systems. Their distributions and putative 
actions in regulating neuronal function have 
also been reviewed (sir Snyder and Sabatini, 
1995; Wiederrect and Etzkorn, 1995; Sanchez 
and Ning, 1996). Most studied is FKBP-12 
(Harding et al., 1989; Siekierka et al., 1989), a 
ubiquitous protein that has been highly con- 
served throughout evolution (Siekierka et al., 
1990). Snyder and coworkers, who first re- 
ported that FKBP-12 is present in neuronal tis- 
sue, showed that the mRNA levels for 
FKBP-12 increase in motor (facial) neurons 
following peripheral nerve axotomy (Lyons 
et al., 1992). In addition, calcineurin is present 
not only in T-cells but also in brain (Steiner 
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et al., 1992) where it comprises up to 1% of 
total protein in some brain regions (Klee, 

1991) . Furthermore, the high levels (relative to 
other tissues) of this protein in brain (Mukai 
et al., 1993) correspond regionally with the 
presence of high levels of FKBP (Steiner et al., 

1992) . Interestingly, one of the major targets for 
calcineurin in neurons is the growth-associated 
protein GAP-43 (Skene, 1990). Both GAP-43 
(Skene, 1989; Skene and Willard, 1981 a,b) and 
neuronal phosphatases (Bixby and Jhabvala, 

1993) are concentrated in growth cones where 
they are believed to play an important role in 
nerve regeneration. Most importantly, a pre- 
liminary report (Steiner et al., 1991) indicates 
that FK506 increases phosphorylation of GAP- 
43. Based upon this information, FK506 (and, if 
this model is correct, cyclosporin A) should 
alter nerve regeneration, perhaps via phospho- 
ryiation-dependent activation of GAP-43 (Liu 
and Storm, 1990). Although this hypothesis ini- 
tially appeared tenable, the most recent find- 
ings from my laboratory (summarized in the 
next three sections) do not support a cal- 
cineurin-dependent mechanism for how FK506 
increases the rate of axonal regeneration. 



FK506 Increases the Rate of Axonal 
Regeneration in the Rat 
Sciatic Nerve 

We reported preliminarily in 1993 (Gold 
et al, 1993) and formally in 1994 (Gold et al., 

1994) , that FK506 increases functional recov- 
ery and nerve regeneration in young adult 
Sprague-Dawley rats (160-225 g) given a focal 
sciatic nerve crush (axotomy). A second paper, 
in 1995, showed that FK506 increases the rate of 
axonal regeneration in this model (Gold et al., 

1995) . Axotomy was performed by crushing the 
nerve twice (for a total of 30 s using a No. 7 
Dumont jeweler's forceps) at the level of the 
hip; the crush site was marked by a sterile 9-0 
suture inserted in the epineurial sheath (Gold et 
al., 1994; 1995)^ Daily subcutaneous injections of 
FK506 (1 mg/kg) reduced (by approx 1.5 d) the 



number of days until the onset of an ability to 
right the foot and move the toes ("onset"), and 
the number of days until the animal demon- 
strated an ability to walk on its hind feet and 
toes ("walking") (Fig. 1); animals were ob- 
served by at least two independent investi- 
gators in a double-blinded study (i.e., the 
treatment regimen was unknown to both the 
presenter and the observers of the animals). 
Control (saline- or vehicle-treated) animals first 
demonstrated an ability to right the foot 
between 17 and 18 d. In contrast, three of the 
five FK506-treated animals walked almost 
normally by 18 days. These differences in func- 
tional recovery were reflected in the morpho- 
logical appearance of the sciatic nerve and its 
branches distal to the nerve crush at 18 d after 
axotomy. Axonal calibers (determined by elec- 
tron microscopy in plastic-embedded sections 
from glutaraldehyde-perfused animals) for the 
largest 30% of regenerating axons were in- 
creased by 93% in the tibial nerve branch to the 
soleus muscle from FK506-treated animals (see 
Fig. 3 in Gold et al., 1994). Axons were found to 
have advanced further toward their targets and 
reinnervation of intrafusal fibers was evident in 
the most distal (interosseus) muscles. The max- 
imal distance of axonal elongation from the 
crush site was measured at 10 and 15 d follow- 
ing axotomy using radiolabeling techniques 
(Gold et al., 1995), the rate of regeneration 
being estimated from the slope of the resultant 
line determined between these two-time points. 
We found that a 1 mg/kg daily dosage of FK506 
significantly (p < 0.05) increased (by 16%) the 
axonal regeneration rate from 3.8 mm/d in 
saline-treated rats to 4.4 mm/d in FK506- 
treated animals {see Fig. 7 in Gold et al., 1994); 
regeneration rate was determined using radio- 
labeling techniques that provide a more accu- 
rate and less biased assessment of regenerative 
distance than the more commonly used pinch 
test. Taken together, these, initial studies 
demonstrated that FK506 speeds functional re- 
covery by increasing the rate of axonal regener- 
ation in the rat sciatic nerve. 

We have recently extended these studies by 
examining the dose-dependency for FK506's 
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Fig. 1. Bar graphs showing number of days from 
axotomy until onset of toe movement and an ability 
to right the foot (left), and an ability to walk on the 
hind feet (right) are present in saline-treated and 
FK506-treated rats. Both signs of functional recovery 
appear earlier in all FK506-treated groups compared 
to saline-treated controls, being present earliest in the 
animals given the 5 mg/kg dose. *p < 0.0001, 
compared to saline-treated controls (by one-way 
ANOVA and Fisher's post-hoc test); tp < 0.01, 
compared to 1 and 2 mg/kg groups (by one-way 
ANOVA and Fisher's post-hoc test); ftp < 0.001, 
compared to 1 and 2 mg/kg groups (by one-way 
ANOVA and Fisher's post-hoc test). 



nerve regenerative effect (Wang et al., 1997). 
For these studies, we employed daily subcuta- 
neous injections of FK506 at dosages of 2, 5, or 
10 mg/kg. In all our analyses, the best results 
were obtained in animals given the 5 mg/kg 
dose. In terms of functional recovery, the 
5 mg/kg FK506-treated group demonstrated 
the earliest recovery of function in the hindfeet 
(Fig. 1); for example, the number of days until 
the onset of an ability to right the foot and 
move the toes ("onset"), and the number of 
days until the animal demonstrated an ability 
to walk on its hind feet and toes ("walking") 
were reduced from 16.8 ± 0.20 d to 14 ± 0 d and 
17.8 ± 0.2 d to 15 ± 0 d, respectively, in the 
saline-treated animals (/? = 5) and in the 




Fig. 2. Representative footprints at 18 d following 
axotomy from a saline-treated rat (A) and an animal 
given 5 mg/kg FK506 (B). Each image was generated 
by scanning the original footprint using Maclmage 
(Xerox Imaging Systems, Stamford, CT). The foot and 
all toes (numbered) are clumped together in the 
footprint from the saline-treated rat. In contrast, the 
footprint from the FKS06-trcated animal exhibits toe 
spread for all five digits; the lack of an imprint by the 
heel shows that the animal was able to support its 
weight on its toes and the front of its foot during 
walking. 



5 mg/kg group (/? = 3), respectively. Represent- 
ative footprints at 18 d following axotomy 
(corresponding to the time of morphological 
analysis; see below) are shown in Fig. 2. 
Whereas the footprint from the saline-treated, 
axotomized control animal shows a continued 
deficit (Fig. 2A), the footprint from the animal 
given the 5 mg/kg dose (Fig. 2B) appears virtu- 
ally normal; this rat demonstrates an ability to 
walk on toes and the front of its foot, as shown 
by the lack of a heel imprint. Electron mi- 
croscopy, performed at 18 d, confirmed the be- 
havioral findings. Nerves from FK506-treated 
animals contained larger, more advanced re- 
generating axons, representing the morpholog- 
ical correlate of the earlier functional recovery 
in these animals. The percent increase in mean 
axonal areas from control values demonstrated 
a bell-shaped dose-dependency (Fig. 3); mean 
axonal areas in FK506-treated animals (includ- 
ing our earlier data frorrt rats treated with 
1 mg/kg/d) were increased by 67, 83, 120, and 
100% in the 1, 2, 5, and 10 mg/kg groups, 
respectively. Measurement of axonal regenera- 
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Fig. 3. FK506 dose-dependently increases mean axonal area in the soleus nerve. The percent increase in 
axonal areas from control values increases with dose between 1, 2, and 5 mg/kg, declining slightly in the 10 
mg/kg group. 
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Fig. 4. FK506 dose-dependently increases the rate of axonal regeneration in the sciatic nerve. The percent 
increase in regeneration rate from control values increases with dose between 1 and 5 mg/kg, declining slightly 
in the 1 0 mg/kg group. 



tion using radiolabeling techniques also exhib- 
ited a bell-shaped dose-response (Fig. 4); the 
percent increase in rate of axonal regeneration 
from control values was 16, 34, and 29% in the 



1, 5, and 10 mg/kg groups, respectively. Taken 
together, these data establish the dose-depen- 
dency for the ability of FK506 to increase nerve 
regeneration in vivo. 
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Cyclosporin A Does Not Increase 
Axonal Regeneration Rate 

To determine if calcineurin is involved in the 
ability of FK506 to increase the rate of axonal 
regeneration, we tested cyclosporin A to see if 
the drug shares FK506's regenerative properties 
(Wang et al., 1997). Since the drug-immuno- 
philin complexes inhibit calcineurin activity to 
suppress T-cell function, it would be expected 
that equivalent doses of cyclosporin A would 
also increase the rate of axonal regeneration in 
a dose-dependent manner; i.e., if calcineurin 
inhibition is the underlying mechanism for 
FK506's nerve regenerative effect. Dosages 
(10 and 50 rng/kg/d) of cyclosporin A chosen 
for study were based upon its relative potency 
for immunosuppression and PPI (with cyclos- 
porin A being approx 1/10 as potent as FK506) 
and our finding that a daily dose of 5 mg/kg 
of FK506 maximally increases the axon re- 
generation rate; the 50 mg/kg/d dosage 
approaches the maximal tolerated dose in rats 
and is sufficient to prevent allograft rejection in 
rodents (Cosenza et al v 1994). Neither dose of 
cyclosporin A altered the rate of axonal regen- 
eration (as determined by radiolabeling tech- 
niques) nor did the drug speed functional 
recovery in the sciatic nerve. These findings in- 
dicate that cyclophilin A-mediated calcineurin 
inhibition does not mediate the ability of FK506 
to increase nerve regeneration. 

FKBP-12 Ligands Not Inhibiting 
Calcineurin Increase Nerve 
Regeneration 

To determine whether FK506-FKBP-12 lig- 
ands increase nerve regeneration via a cal- 
cineurin-independent mechanism, studies have 
recently been conducted to test the regenerative 
potential of potent FKBP-12 inhibitors that do 
not inhibit calcineurin. Snyder and coworkers 
(Steiner et al., 1997) reported that topical adminis- 
tration of L-685,818 (18-OH, 21-ethyl-FK506) 
to the nerve-crush site accelerates functional 
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recovery and increases axonal calibers (using 
paraffin-embedded nerves fixed by immersion 
in 10% formalin) distal to the crush lesion. 
Unfortunately, any correlation between func- 
tional recovery and morphological changes in 
these animals is problematic since the investiga- 
tors limited their assessment of the axons to a 
distance of only 2 mm from the crush injury at 18 
d following the lesion. It is therefore unclear 
whether the presence of more myelinated fibers 
is because of an effect of the drug on axonal 
sprouting as opposed to axonal elongation per se, 
an interpretation supported by their in vitro data 
(Steiner et al., 1997). Furthermore, the recent 
finding that L-685,818-FKBP-12 is able to inhibit 
calcineurin in C. neoformaus (Odom et al., 1997) 
makes this compound 'of questionable value for 
definitively ruling out calcineurin activity in the 
nervous system. 

Based upon the structural domains of FK506 
(Fig. 5), two groups have synthesized novel 
small molecules that retain the FKBP-12 binding 
domain but lack the structural components of the 
effector domain. Snyder and coworkers reported 
(Steiner et al., 1997a,b) that systemic administra- 
tion (i.e., subcutaneous injections for 18 d) of two 
FKBP-12 ligands (with binding affinities of 25- 
and 250-nM, respectively) but that do not inhibit 
calcineurin activity (and are not immunosup- 
pressants) increase the size of myelinated fibers 
(at 2 mm distal to the crush site). As in the case of 
the L-685,818 compound, it is difficult to rule out 
an effect of the compounds on axonal sprouting, 
a possibility apparently supported by their find- 
ings in the striatum from N-methyl-4-phenyl- 
1,2,3,6-tetrahydropyridine (MPTP)-treated mice 
(Steiner et al., 1997b) (see FK506: Regeneration 
of CNS Neurons). This concern is exacerbated by 
their failure to assess functional recovery in 
animals given these compounds. These inves- 
tigators also report an increase in myelination 
that may merely reflect the increase in axonal 
calibers, as opposed to a direct effect on myeli- 
nation. Morphometric analysis of glutaralde- 
hyde-fixed tissue is needed to differentiate 
between these two possibilities (e.g., calculat- 
ing the G-ratio: diameter of the axon/diame- 
ter of the nerve fiber). 
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Fig. 5. Comparison of the structures of FK506 (left) and V-1 0,367 (right). The bracketed portion of FK506 
represents the calcineurin-binding domain which is absent in V-1 0,367. 



We have tested (Gold et al., 1997) by systemic 
administration (i.e., subcutaneous injections 
for 18 d), the nerve-regenerative property of 
V-10,367 (Fig. 5), a small molecule that also 
lacks the structural components of the effector 
domain necessary for calcineurin binding 
but that binds to FKBP-12 with much greater 
(<1 nM) affinity (Armistead et al., 1995) than the 
compounds used by Snyder and coworkers 
(Steiner et al., 1997a,b). As expected, this com- 
pound does not inhibit calcineurin activity 
(D. R. Armistead, personal communication). 
Rats given subcutaneous injections of V-10,367 
(400 mg/kg/d) showed a more rapid (by ap- 
prox 2 d) functional recovery following a focal 
sciatic nerve crush compared to vehicle-treated 
control animals. The morphological correlate of 
this earlier return of function was the presence 
of larger-sized regenerating axons in the sciatic 
nerve. By electron microscopy, mean axonal 
areas in the soleus nerve were 50% larger in the 
V-10,367-treated animals compared to control 
values. We found no evidence for an increase in 
myelination, as determined from the G-ratio 
(B.G. Gold and M.-S. Wang, unpublished obser- 
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vation). Whereas the increased size of regener- 
ating axons was somewhat less than with 
FK506, further studies are needed to determine 
the optimal dosage of this compound. The com- 
pound is also effective by oral administration at 
dosages as low as 5 mg/kg (B. G. Gold, M. 
Zeleny-Pooley, and M.-S. Wang, unpublished 
observation). Thus, our study is the first to 
demonstrate that systemic administration of a 
potent FKBP-12 ligand that lacks the structural 
components necessary for calcineurin inhibi- 
tion speeds functional recovery by accelerating 
the growth of regenerating axons to the distal 
musculature following a sciatic nerve-crush le- 
sion. Future studies should address whether 
the compound also accelerates nerve regenera- 
tion in older animals as well as in other species. 

FK506: Effects on Neurite 
Outgrowth in Culture 

In the seminal 1994 study, Snyder and 
coworkers (Lyons et al., 1994) showed that 
FK506 potently (as low as 0.1 nM) increases 
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neuritic outgrowth from PCI 2 cells and DRG 
explant cultures in a concentration-dependent 
fashion. In PC12 cells, neurite outgrowth was 
assessed by determining the percentage of cells 
with processes greater than 5 fim. The ability of 
FK506 to enhance neurite outgrowth in PCI 2 
cells was dependent upon the concentration of 
NGF. Maximal efficacy was found in the pres- 
ence of relatively low (1—10 ng/mL) concentra- 
tions of NGF, since at higher concentrations of 
NGF (>10 ng/mL) the maximal response (in 
terms of % of cells bearing processes) was al- 
ready demonstrated. Half-maximal response 
was obtained at 0.1 nM in the presence of 
submaximal (1 ng/mL) concentrations of 
NGF. The finding that similar results were 
obtained in DRG cultures indicates that 
FK506 activity is not dependent upon exoge- 
nously supplied neurotrophins (e.g., NGF) 
{see Putative Mechanisms for FK506's Ability 
to Increase Nerve Regeneration). 

Recently, these investigators reported that 
cyclosporin A also increases neurite outgrowth 
in these two systems. We have used human 
neuroblastoma SH-SY5Y cells to study the con- 
centration-dependency of FKBP-12 ligands for 
increasing neurite outgrowth. We measured 
neurite process length at 96 and 168 h after ad- 
dition of the text agent. Maximal efficacy was 
observed between 1 and 10 nM in the presence 
of 10 ng/mL NGF. In contrast to Snyder and 
coworkers (Steiner et al. 7 1997a), and in accor- 
dance with our in vivo data (see Cyclosporin A 
Does Not Increase Axonal Regeneration Rate), 
we found that cyclosporin A (1-1000 nM) did 
not significantly alter neurite outgrowth in SH- 
SY5Y cells (B. G. Gold and M. Zeleny-Pooley, 
unpublished observations). 

The results of these studies stand in contrast 
to those reported by Jay and coworkers (Chang 
et al., 1995) who found that FK506 reduces neu- 
rite outgrowth in cell culture. These studies em- 
ployed a much higher (50 |iM) concentration of 
FK506 in the presence of very high levels of NGF 
(100 ng/ mL). In this context, we have found that 
1 \xM FK506 actually inhibits NGF-induced neu- 
rite outgrowth in SH-SY5Y cells (B. G. Gold and 
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M. Zeleny-Pooley, unpublished results). Thus, 
in the context of the broad range of concentra- 
tions of FK506 we have examined, our results 
are, in fact, consistent with their findings. 



FK506: Regeneration 
of CNS Neurons 

Cell culture systems provide a simple means 
to examine whether FK506 also increases nerve 
regeneration in the CNS. We have conducted in 
vitro studies to examine whether FK506 also pro- 
motes axonal regeneration in cells not derived 
from the PNS. Our studies indicate that FK506 
(1-100 nM), in the absence of exogenously sup- 
plied neurotrophins (e.g., neurotrophin-3; NT-3) 
also increased neuritic outgrowth in rat cortical 
neurons and hippocampal neurons (Fig. 6) in a 
concentration-dependent manner (B. G: Gold 
and M. Zeleny-Pooley, unpublished results). 

An important question is whether FK506 is 
also effective in vivo in aiding nerve regenera- 
tion in the CNS. One preliminary report has 
examined the ability of daily subcutaneous in- 
jections of FK506 (0.5 mg/kg) to increase re- 
generation of dorsal-root axons into the spinal 
cord (Sugawara et al., 1995). This study was re- 
stricted to the examination of unmyelinated 
axons immunoreactive for calcitonin gene- 
related peptide (CGRP). Whether these axons 
originated in the DRG or represented abnor- 
mal sprouting of axons intrinsic to the spinal 
cord is unclear (Goldberger et al., 1993). More- 
over, it is possible that in this model FK506 
may have inhibited an autoimmune response 
leading to increased regeneration via its 
immunosuppression action. 

A recent report (Steiner et al., 1997b) indi- 
cates that a nonimmunosuppressant FKBP-12 
ligand also enhances the density of striatal 
dopaminergic innervation (as determined by 
immunocytochemical staining for tyrosine hy- 
droxylase) in MPTP-intoxicated mice. Impor- 
tantly, the FKBP-12 ligand increased the density 
of staining when given after the toxic agent, 
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Fig. 6. Hippocampal neurons 86 h in culture either untreated (A) or treated with 100 nM FK506 (B). The 
axonal processes (*) are clearly discernibre and are markedly elongated in the neuron given FK506; neuritic 
length was 82 and 166 |im in (A) and (B), respectively. Neurons were grown on coverslips that were inverted 
onto 24-well plates precoated with a monolayer of cortical astrocytes, according to Banker and Cowan (1977). 
Magnification 680X. 



suggesting that the compounds can increase in- 
nervation following denervation. The increase 
in fiber density does not necessarily indicate re- 
generation of damaged fibers but may actually 
arise from collateral and /or terminal sprouting 
of intact axons. The alternative possibility that 
the increase in immunoreactivity merely re- 
flects an increase in axonal transport of tyrosine 
hydroxylase cannot be ruled out. In addition, 
the possibility of inappropriate innervation of 
adjacent regions needs to be examined in de- 
tail. Whereas functional studies are needed to 
support the morphological data, a similar 
study in 6-hydroxydopamine-lesioned rats 
showed that the FKBP-12 ligand reduced 
motor disturbance (i.e., amphetamine-induced 
rotations). Further studies on the ability of 
FKBP-12 ligands toincrease regeneration of 
CNS axons are warranted to assess their poten- 
tial for the treatment of human neurodegenera- 
tive diseases. 



FK506 Neuronal Actions: 
Calcineurin-Dependent 
and Calcineurin-lndependent 
Mechanisms 

Taken together, studies employing cyclo- 
sporin A and FK506-like compounds demon- 
strate that calcineurin inhibition is not 
necessary for FKBP-12 ligands to speed nerve 
regeneration and implicate a FKBP-pathway 
distinct from immunophilin-mediated inhibi- 
tion of calcineurin in the ability of FK506 to in- 
crease axonal elongation. Thus, these findings 
do not support the hypothesis (Gold et al., 
1995) that FK506 speeds axonal regeneration 
by increasing the phosphorylation state of 
GAP-43 secondary to calcineurin inhibition. 
However, it is possible that this pathway, by 
leading to a loss in the dynamics of GAP-43 
phosphorylation (Meiri et al., 1991), could 
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negatively alter nerve regeneration, an expla- 
nation for the decreased drug efficacy ob- 
served at high (10 mg/kg) daily dosages (see 
FK506 Increases the Rate of Axonal 
Regeneration in the Rat Sciatic Nerve). Other 
calcineurin targets can also be discounted as 
playing a role in FK506's nerve regenerative 
effect. For example, inhibition of the cal- 
cineurin target NOS would lead to a reduction 
in NO formation (Dawson et al., 1993). 
Conflicting results have been reported on NO 
regulation of neurite outgrowth. A prelimi- 
nary report using sensory neurons indicates 
that NOS inhibitors increase and, conversely, 
increased NO formation decreases neurite 
outgrowth in vitro (Wayne and Skene, 1995). 
In contrast, a recent paper (Hindley 
et al., 1997) shows that NO donors increase 
neurite outgrowth from PC12 cells and pri- 
mary hippocampal neurons, a result contrary 
to that expected if NOS inhibition were to play 
a role in FK506's ability to increase nerve re- 
generation. Regardless of whether NO posi- 
tively or negatively impacts neurite out- 
growth, a role for the calcineurin target NOS 
in nerve regeneration is ruled out by studies 
using FKBP-12 ligands lacking calcineurin in- 
hibition (Steiner et al., 1997a,b; Gold et al., 
1997). However, it should be noted that cal- 
cineurin inhibition may play a role in mediat- 
ing other important neuronal properties of 
FK506. For example, FK506's neuroprotective 
action against glutamate toxicity in vitro may 
utilize this pathway (Dawson et al., 1993; 
Snyder and Sabatini, 1995). In addition, the 
demonstration that systemic injections of 
FK506 (Kitamura et al., 1994) and cyclosporin 
A (Matsuura et al., 1996) protect striatal neu- 
rons against depletion of dopamine by MPTP 
or 6-hydroxydopamine, respectively, strongly 
suggests that calcineurin inhibition may also 
mediate this neuroprotective action. Together 
with the finding that a FKBP-12 ligand in- 
creases regeneration of dopaminergic neurons 
in MPTP-treated mice, these exciting findings 
suggest that FK506 (or related compounds) may 
be beneficial in the treatment of Parkinson's 
disease. 

Molecular Neurobiology 
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Putative Mechanisms for FK506's 
Ability to Increase Nerve 
Regeneration 

The mechanism by which FK506 increases the 
rate of peripheral nerve regeneration is un- 
known. Whereas our studies (Wang et al., in 
press) (see FKBP-12 Ligand Not Inhibiting 
Calcineurin Increases Nerve Regeneration) ap- 
pear to rule out a calcineurin-dependent mecha- 
nism, it is possible that FKBP-12 may still be 
involved, albeit via a different pathway. For ex- 
ample, the FKBP-12 has also been found to 
demonstrate stable interactions with the two 
Ca 2+ channels release Ca 2+ from internal stores: 
the ryanodine (Timerman et al., 1993; Brillantes 
et al., 1994; Gianniiu et al., 1995) and the inositol 
1,4,5-triphosphate (IP 3 ) receptors (Cameron et 
al., 1995a,b); FKBP and calcineurin interact 
under physiological conditions to modulate 
Ca 2+ flux in these channels and FK506, by in- 
hibiting calcineurin and preventing receptor de- 
phosphorylation, increases Ca 2+ transport 
through these channels. The possibility that 
FK506's ability to stabilize these channels and 
alter Ca 2+ release (Brillantes et ah, 1994; 
Cameron et al., 1995b) is involved in the drug's 
regenerative effects (see Snyder and Sabatini, 
1995) appears to be supported by a very recent 
preliminary report (Takei et al., 1996) showing 
that inactivation of the type 1 IP-, receptor in 
chick DRG growth cones inhibits neuritic 
growth. However, the somewhat higher concen- 
trations of FK506 (10-100 nM) necessary to dis- 
rupt association of FKBP-12 from the 1P-, 
receptor (Cameron et al., 1995a), compared to 
concentrations that enhance neurite outgrowth 
in vitro (Lyons et aL, 1994; B. G. Gold and 
M. Zeleny-Pooley, unpublished observation), 
makes this possibility less attractive. 

An alternative mechanism by which FK506 
could alter nerve regeneration via FKBP-12 is 
suggested by the finding that FKBP-12 is a nat- 
ural ligand for the type 1 receptor for transform- 
ing growth factor-p (TGF-pi), where it functions 
as an inhibitor of TGF-(31 receptors (Wang et al., 
1994, 1996). Since TGF-PI stimulates nerve 
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growth factor (NGF) synthesis by glial cells 
(Lindholm et al., 1990), and NGF has been sug- 
gested to play a role in axonal elongation 
(Taniuchi et al., 1988), FK506 could increase re- 
generation indirectly via an increase in NGF. 
Such a mechanism may be supported by the 
findings that FK506 appears to increase the sensi- 
tivity of PC-12 cells to NGF (Lyons et al., 1994) 
and by the demonstration that TGF-pi, at simi- 
larly low concentrations (i.e., 1 ng/rnL), pro- 
motes regrowth of injured neurites in vitro (Abe 
et al., 1996). However, this hypothesis is unat- 
tractive given that a role for NGF in axonal re- 
generation is not supported by in vivo studies 
(Diamond et al., 1992); in fact, we have shown re- 
cently that delivery of NGF to the neuronal cell 
body (by intrathecal infusion) delays regenera- 
tion (Gold, 1997). Furthermore, FKBP-12 has 
been shown to be dispensable for TGF-fi signal- 
ing (Charng et al, 1996). In addition, as in the 
case of the IP 3 receptor (see preceding para- 
graph), much higher concentrations of FK506 
(pM) are needed to disrupt association of FKBP- 
12 from the TGF-01 receptor (Wang et al., 1994) 
relative to those that stimulate neurite outgrowth 
in vitro (Lyons et al., 1994); B. G. Gold and M. 
Zeleny-Pooley, unpublished observation. 

An unexplored area is the possible involve- 
ment of FKBPs besides FKBP-12 in mediating 
FK506's nerve regenerative effect. Most inter- 
esting is the FK506-FKBP-52 complex, which 
does not inhibit calcineurin {see Snyder and 
Sabatini, 1995). Instead, human FKBP-52 (rab- 
bit FKBP-59) (human FKBP-52) (Tai et al., 1992) 
has been identified as a heat-shock protein 
(hsp-56) (Sanchez, 1990) and, together with the 
hsp-90 and hsp-70, this novel immunophilin 
comprises a component of a subclass of gluco- 
corticoid receptor complexes (Owens-Grillo, et 
al., 1995; Perdew and Whitelaw, 1991; Lebeau 
et al., 1992; Czar et al., 1994); FK506 does not 
alter glucocorticoid signaling pathways but 
may produce conformational changes in the 
complex (Ratajczak and Carrello, 1996). In this 
context, we have found that subcutaneous in- 
jection of FK506 (10 mg/kg/d, for 2 wk) in- 
creases expression of hsp-70 (as shown by 
immunocytochemistry) in selected neurons in 



the brain (including the cortex, hippocampus, 
and amygdala), and in the spinal cord and dor- 
sal root ganglion (DRG) (Goto and Singer, 
1994). It may therefore be relevant that the glu- 
cocorticoid dexamethasone has been found to 
increase GAP-43 mRNA levels in regenerating 
hypoglossal neurons (Yao and Kiyama, 1995). 
Moreover, it has recently been shown that 
FK506 potentiates the potency of steroid hor- 
mones (Kralli and Yamamoto, 1996). Thus, our 
(B. G. Gold, J. Y. Yew, and M. Zeleny-Pooley, 
unpublished observations) recent demonstra- 
tion that FK506 increases GAP-43 mRNA levels 
in DRG neurons may support an involvement 
of this pathway in FK506's ability to increase 
nerve regeneration. 

Consistent with our nerve regenerative stud- 
ies (see Cyclosporin A Does Not Increase Axonal 
Regeneration Rate), the ability of FK506 to pro- 
tect hippocampal CA1 and cerebral neurons 
against transient global ischemia is not shaved by 
cyclosporin A (Yagita et al., 1996). This suggests 
that a calcineurin-independent mechanism also 
underlies FK506's ability to provide neuropro- 
tection against ischemic injury. The recent 
demonstration that global ischemia induces an 
alteration in the ryanodine receptor (Nozaki et 
al., 1996) suggests that FK506 via the FKBP-12 
may protect against damage via binding to the 
FKBP-12. However, the necessity of using re- 
peated drug administration (Drake et al., 1996) 
suggests that simple inhibition of NO may not 
fully explain the neuroprotective actions of 
FK506. FK506's ability to protect against focal 
cerebral ischemia (Sharkey and Butcher, 1994; 
Ide et al., 1996; Tokime et al., 1996) may therefore 
involve additional FKBP pathways, perhaps me- 
diated by hsp-70 induction via glucocorticoid re- 
ceptors. Whether this pathway also plays a role 
in the ability of FK506 to protect against ischemic 
damage is an important area for future work. 

Why FK506 exhibits a reduction in efficacy 
for axonal regeneration at high (10 mg/kg) 
dosages is unknown. Interestingly, a bell- 
shaped dose-response has been observed for 
other agents that increase regeneration. For 
example, the melanocortins (a-MSH), insulin- 
like growth factor-I, and ACTH demonstrate a 
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similar decrease in efficacy beyond a certain 
optimal dosage (Bijlsma et al., 1981; Contreras 
et al., 1995; Bijlsma et al., 1983); however, for 
the latter two agents, hypoglycemia and corti- 
costeroid activity, respectively, may be respon- 
sible for the reduced regenerative efficacy of 
high dosages (Bijlsma et al., 1981; Contreras et 
al., 1995). For the melanocortins, it has been 
suggested (joosten et al., 1996) that the bell- 
shaped dose-response is caused by the action 
of multiple melanocortin receptors (Hoi et al., 
1995). Whereas alternative mechanisms are 
indeed possible, the reduced efficacy of higher 
(10 mg/kg) dosages of FK506 suggests that 
multiple FKBPs (Snyder and Sabatini, 1995; 
Sigal and Dumont, 1992; Cardenas et al., 1995; 
Wiederrecht et al., 1993) or FKBP-mediated 
pathways (acting in opposition) underlie the 
ability of FK506 to alter nerve regeneration. For 
example, whereas the results presented in this 
review indicate that FK506 speeds regeneration 
via a calcineurin-independent pathway, cal- 
cineurin inhibition (which may be less sensi- 
tive) would be expected to impair regeneration 
(Chang et al., 1995) leading to a reduction in 
efficacy at higher (10 mg/kg) dosages of FK506. 

Summary and Future Directions 

Taken together, it appears that distinct mech- 
anisms underlie the immunosuppressant (cal- 
cineurin-dependent) and nerve regenerative 
(calcineurin-independent) properties of FK506. 
Based upon structural analysis of FK506-FKBP 
interactions (Griffith et al., 1995; Itoh et ah, 
1995a,b), it has been possible to separate these 
properties and design new FKBP ligands 
(Armistead et al., 1995; Batchelor et al., 1994; 
Shuker et aL, 1996) that do not inhibit cal- 
cineurin. Of equal importance for drug develop- 
ment is the possibility that different pathways 
underlie FK506's nerve regenerative (Wang 
et aL, 1997; Steiner et al., 1997a,b; Gold et al., 
1997) and neurotoxic properties (Lopez et al., 
1991; Mueller et aL, 1994; Wijdicks et aL, 1995; 
Bronster et aL, 1995; Vincent! et aL, 1996). The 
latter have been linked mechanistically to the 
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immunosuppressant properties of FK506 via 
calcineurin inhibition (Dumont et al., 1992); 
calcineurin inhibition also has been shown to 
underlie development of some pathological 
hallmarks of Alzheimer's disease (Ladner et al., 
1996). Thus, it is possible that FK506's neuro- 
toxic properties will not be shared by these new 
(noncalcineurin-binding) FKBP ligands. 

It should be apparent, however, that our 
knowledge is critically lacking in regard to the 
underlying molecular mechanism(s) by which 
FKBP ligands produce their neuronal effects. Of 
paramount importance will be identification of 
the molecular targets for FKBP Hgand-FKBP 
complexes. This information should become 
available in the near future given the recent 
development of innovative new techniques such 
as the three-hybrid system (Licitra and Liu, 
1996) to "fish" for such targets. It will then be 
necessary to sort out which of these targets are 
physiologically relevant for promoting nerve re- 
generation. These studies should also shed new 
light on the neuron's intrinsic mechanism(s) reg- 
ulating axonal elongation. Regardless of the un- 
derlying mechanism involved, the development 
of novel FKBP ligands (Navia and Chaturvedi, 
1996) may lead to the generation of new drugs 
for the treatment of human nerve injuries. 
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existence pf different genes encoding functionally 
similar proteins, yet controlled by differentially reg- 
ulated promoters, might provide an important 
mechanism to ensure tissue-specific and spatio-tem- 
poral expression .' patterns of the different TGF-0 
isofpnris, thereby resulting in proper embryonic 
dwlopment and tissue homeostasis. 

In addition, posttranscriptional control mecha- 
nisms contribute to regulation of the production of 
TG^ long, 
GG-rich 5 '-untranslated regions arid intramolecular 
duplex loops located in close proximity to the tran- 
scriptional start site negatively modulate TGF-jJ ex- 
pression, possibly by binding cell type-specific cyto- 
plasmic molecules (16) i ; 

C ntrolof TGF-fl bioactivity " " 



latent TGl>-0 



Figure 1. Activation of latent TGFff. TGF-p is synthesized as 
large latent complexes. In platelets the TGF^ latent complex 
consists of mature TCF-0 that is noncovalentXy associated with 
a disulfide-bonded complex of a dra 
propeptide of the TGF^ precursor (a^ 
associated peptide, LAP) arid a third component, termed 
laten; TGF-fs binding protein (LTBP);^ 
of receptor binding) can be released fro 
by specific proteases, like plasmin This process is likely to 
occur at the plasma membrane. Upoprotein Lp (a) is struc- 
turally related to plasminogen, the precursor of plasmin. 
Lp(a) can inhibit plasmin generation, and inhibit activation 
of latent -TGF-0. An alternative mechanism for activation of 
latent TGF-0 is through thrombospondin, Which appears to 
induce a conformational change in LAP (hot shown). 
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sites (20, 21)-: It has been shown 
|TPF-pl complexes "directly interact ; wi^ 
ov/Pi at the cell .surface (21), which^ 
TGF-p to activate integrin signaling. Activation of 
latent TGF-p into biologically active mature TGF£ is* 
controlled by proteases like plasmin or cathepsin, 
which cleave LAP (Fig. 1), and by binding of LAP to 
mannose-6-phosphate receptors (17, 19 and refer* 
ences therein). Lipoprotein Lp(a) inhibits activation 
of plasminogen to plasmin and thereby negatively 
affects activation of TGF-P (reviewed in ref 22 and 
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potent in the mducuon of ventral mesoderm (30), asH^ v" ^ 
well as>iri bone induction (31) than their respective^ ?vc^ 
homodimers. The coexpression of individual BMPiF J:: t: 
in several dssues suggests that heterodimer forma- < * j • 
don might occur in vn/o/and heterodimers of BMP2 V 
and BMP-7 have been isolated from bovine bone 
(32). The mechanism underlying potentiated signal- 
ing by heterodimers compared to homodimers has 
not been investigated, but might be due to formation 
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been 'describied to inhibit TGF-0 activity (33). Trans- 40 and references therieinJi.Mice deficient in noggin 




genie mice lacking biglycan expression, show dramat 
ically decreased bone mass, suggesting an important 
role for biglycan in the constitution of bone, possibly 
by its function as a source for storage of TGF-P 
superfamily members (34). 

The serum protein a2-macroglobuIin associates with 
circulating TGF-fJ superfamily members; via its interac- 
tion with the ot2-macroglobulin receptor, it takes care 
of clearance of the growth factors from serum (35; 36). 

TCF-p SUPERFAMILY SIGNALING 



expression display excessive cartilage forniatibn and 
failure of joiht^specification during skeletogenesis 
(41). The TGF-p' superfamily member XrirS has 
been reported to interfere with BMP signaling in the 
Xenopus Spemann organizer via an intracellular an- 
tagonistic mechanism that prevents BMP synthesis 
(reviewed in ref 40). 

Cerberus, DAN, and gremlin have recendy been 
identified as antagonists of BMP signaling during 
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Figure 2. Mechanism of TGF-P recepior activation. Schematic stepwis* illustration of the current model for TGF-P receptor 
activation. i4|TGFr01 initially binds the accessory TGF-P type III receptor (T0R-III), which presents the ligand to TGF-§ type 
II:recepibr (TpR-II). B) Subsequently, TGF-pbouricl to TpR-II, recruits TGF-P type I receptor (TgR-I) into the complex, thereby 
forming a heterpmeric complex of two T0R-IIs and two TpR-Is. QThe constitutively active TpR-II kinase phosphorylates TPR-I- 
Oj tpR-I propagates the signal downstream through phosphorylation of particular R-Smads, i.e., Smad2 and Smad3. 
Recruitment of Smad2 and SmadS to the TGF-P receptor complex is achieved through the Smad anchor for activation (SARA). 
SARA is membrane associated and capable of binding both R-Smad and the TGF-P receptor complex. 

early embryogenesis (42). Cerberus can also coun^ requires appropriate type T or type II receptors for 
teract signaling by activin and nodal. These proteins, efficient ligand binding (52). Ectopic expression of 
like noggin and chordin, have been shown to inter-^ endoglin in monocytes results in a selective abroga- 
-ac^^ thereby prevent^- tipri ^ft^^pl-indui^I sgroiyth;, inhibition and fi- 

bronectin- synthesis. (53) ..Eurthermdfe, mutations in 
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TGF-P ..to their, type II receptors,v r a 'pipptrty /that is; 
especially-important for TGF-P?, which;has low|ihtrin4 
sic affinity for^TpR-II '(Kg.- 2) (49;^ SO); Iiv.contrast; ; 
soluble betaglycan acts as an antagonist of TGF-p\ 
bioactivity by preventing the interaction of TGF-P with 
the signaling receptors (46, 51). 

The role of endoglin in modulation of TGF-P 
signaling appears to be different from betaglycan. In 
contrast to betaglycan, endoglin can interact with 
TGF-P 1, TGF-pS, activin A, BMP-2, and BMP-7 and 



SIGNALING VIA TGF-P S UPERFAMILY • ^ 
RECEPTORS ' ^''t^^ 

TGF-P superfamily members induce formation ; of 
h teromeric complexes of type I and typ II 
recept rs 

Type I and type II serine/threonine kinase receptors 
are directly involved in signaling by TGF-P superfam- 
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initially bind to their corresponding type II recep- 
tors, after which the type I receptors are recruited 
into the signaling complex. Tyjpe I and type II 
receptors have ah intrinsic jrffinity for each other, 
Which contributes to stability of the heteromeric 
complex (63). TGF-§2, which does not bind to 
TPR-H or TPR-I alone, can interact with arid stabilize 
trarisiendy fp and TpR-II 

:(64j^jj^^ I 
receptors individually, and high-affinity binding re- 
quires formation of a heteromeric : type I/type II 
receptor complex (65, 66) : At pr^sen t r only a few 
type I and typie II receptors for the t<JF^p superfam- 
ily are known. However, depending on the ligand, 
multiple heterotetrameric complexes consisting of 
two type I and two type II receptor homodimers are 
possible (67). In view of the existence of het- 
erodimeric ligands, it is conceivable that two differ- 
ent type I and two different type IF receptors consti- 
tute the receptor complex, thereby creating 
, combinatorial signaling.. r , ..^ . > .. , r 

TGF-0s form heteromeric cbmplexeis^TCtweeTi 
T&Rjll jarid T3R-I in iiiW S^Res" -^8, 
; er$^ Jt - 
v " V. ^activin receptor-like kinase 



downstream of type II 
with this finding, type I''reccptpri 
determine the specificity of:d&-i^^ 
induced by different TGF-0 ;superfem^ 
whereas the L45 region in typeTrei^ 
to be important in determining the specificity of 'type 
I receptors (78-80). 

The phosphorylation status of T$R-II J^ibwir n 
shown to influence TGF^ sij^^ 
constitutively active kinase diat ^ 
lation of Ser213 (located 

to mediate its autocatalytic effect Lig^d^ej^ndent 
autophosphory lation of TftRrU : :ori : ^^ejt^^^^t^ 
Ser416 differentially contributes 'to "■•re^I^c^^it^t^ 
activity, leading to stimulation or irihiMtioh #T^^ 
signaling, respectively (81). , v , ; ' v?5^fe 

Differential kinetics in biosynthesis, y HgiM-in-: : i&^ 
duced internalization, and down-reg^Iaitipn o 
vs. type II receptors have been attributed to difeir^^ 
ential modulation of TGF-P signaling (82-85); Ifhe; 
half-life and processing of T(3R-H in the endoplasmic ;\ ;||| 
reticulum v are considerably.. r shprter than: that* t of Lvf^ 
(82-85). Fujrtheimo^, Y hp^p^VOT 



^-:v--fcv therefore been implicated as an endothelial-specific , , lev 
^ ^Kv < ^TvvP.W^ J! receptoi\(T: Imamura, P^ten Dijke, and pie 



(T: : |ma^ 
^ ' rial yii/cqmbinations ^ 




r v ; > ^^i?). For AMH, only a type II receptor has. been ha g been;observed^ In additioh^differerice^in^He^ ^ 
? , I - identH^^). A pp^^l^^^^^pto^ 



potential AMH tyije 



receptori. 



jC ^ r^ctR^ which is* cbexpre^ed w J 1 ^! 6 :^ 





: yet 



The'ligkiids for these receptors have nbt been eluici- 



;dated 




Activation and regulation of serine/threonine 
kinase typ I and type II recept rs 

Type I receptor kinases become activated upon 
phosphorylation by the constitutively active type II 
receptor kinase (Fig. 2). Thus, type I receptors act 

TGF-0 SUPERFAMILY SIGNALING 



# r isamei type>I preceptors, therebv fine-tuning;SignaJing^.k^ 

, JS t | ie case f 0 p^acu\m*and ^ 

Known to counteract many * 4^ 
of ac than -fviiic tions by competing for binding to the \ V 
actixin^U-pe ; -.H receptor (90). A similar mechanism 
has been suggested to underlie the inhibitory action 
of zebrafish antivin, most closely related to mouse 
lefty, upon' activin signaling (91), and appears to 
contribute to the functional antagonism observed 
between activin and OP-1 in Tera-2 embryonal car- 
cinoma cells (89). Whether different ligands might 
also compete for binding to common type I recep- 
tors is not clear at present. 
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Receptor-interacting 
protein 



Interacting receptor type 



Molecular characteristics 



Functional properties 



Reference 



IF 

ft?-- 



FKBP12 
FTa 
TR1P-1 
STRAP 

TRAP-1 
Bit 



Apolipoprotein J 

SARA 
Smad 
- BRAM-1 
XIAP 



Type I receptors 
TGF-0 type I receptor 
TGF-ft type II receptor 
TGF£ type I, II 

receptors 
TCF-3 type I receptor 
TGFV0 type I receptor, 

activin type I receptor 

TCE^. typeJ, II 

receptors 
TGF:0, receptor complex 
Type J receptors 
BMP type IA receptor 
BMP type IA receptor 



Immunophilin 
Farnesyl transferase 
WD-40 repeat protein 
WD-40 repeat protein 

Without motif 
WD-40 repeat protein, 

phosphatase 2A- 

subunit 
Nuclear protein or 

secreted glycoprotein 
FWE-containing protein 
Transcription factor 
ElA-associated protein ■ 
Inhibitor of apoptosis 

protein 



Inhibitor of T0R-I kinase 97, 98 

Unknown 99 

Signal modulator 92, 93 

Inhibitor of transcriptional 94 
responses 

Inhibitor of TGF-P signaling 96 

Enhancer of growth inhibition 95 



Role in TGF-P receptor 227 

signaling and/or processing 

Smad subcellular localizer 147 

Signal transducer 29, 101 

Unknown 212 

Adaptor protein for TAB1 , 211 
^ inhibitor of apoptosis 



Cytoplasmic TGF-P receptor interacting proteins 
w - distinct from Smads 



Type I receptors as determinants of downstream 




I; 



mai^(98^FKBi^l2jnh.b.ts P h BMPR-IB^^ 

stencal hindrance and may function to prevent V L45 loorV^ 

leaky signaling in the basal cell ^tate^99y: ITCBP12 r specify downstream si^aluig ^ 

dissociates from T3R-I after Iigand-induced phos- I receptors f 
phorylation of T0R-I by T0R-II (97, 98). It has been shown that the cytoplasmic ji^tamem- 

Farnesyltransferase a (FTa) has also been shown brane region of T0R-I is involved in specifying signal 

to interact with and become phosphorylated by transduction, since mutations of certain serine or 

activin and TGF-P type I receptors (99). However, threonine residues within this region selectively im- 

farnesyl transferase activity was shown to be dispens- pair TGF-0-mediated growth inhibition, but do not 

able for TGF-fi signaling (100). affect TGF-|J-induced PAH or fibronectin synthesis 



sum 

^ . X s . 
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m 



(107). Hbweyer; in 

sites by TpR-II has not yet been refKJrted. M 
of Serl$5, located amino-terminal of the GS domain, 
results in potential! n of TGF-^ihediated growth 
inhibition and extracellular matrix induction but 
diminishes TGF-^induced apoptosis ( 1 08) . Thus, 
additional residues in TPR-I appear to modulate 
distinct pathways triggered by TGF-0. 




{recepcor-regulated Smad 

^ ■ ' 

l^wnnioo-partner Smad 
linhibhoty Smad 



B 



expression level of t^ with 
extracellular matrix production ahcl gene; transcrip- 
tion, \yhereas the expression level of type II receptors 
correlates to the, growth; inhibitory response, suggest- 
ing participation of type: I and type II receptors in 
different signaling pathways. However, the observa- 
tions made are all compatible with an alternative 
interpretation, which is that all signals are initiated 
by activation of the type I receptor and that different 
activation thresholds of the signaling pathways lead- 
ing to growth inhibition vs. gene transcription un- 
derlie the apparent differential modes of signaling 
^ by type I and type II i^ceptore?(109);^; * > 



type 1 receptor phosphoiylation of R-Smad 



MH1 

MH2 



MH1 



Linker 



MH2 



type I receptor 
. phosphorylation 

j sites (Smadlj2JM)'-< 




DNA binding 
(Smad3,4) 



sxs 

transactivation : 



ERK phosphorylation 
sites (Smad I) 



Figure 3. The Smad family of intracellular signal transducers 
for TGF-P;superfamily : proiems^l A phylogenetic analysis of 
mammalian Smad proteins. A). The Mad homology (MH)i 




- . ^ f < e- ■ A^zZ ™*>Ai**^J & l rr^-n^i£!^ \; f ^ of pVosphorylauonvin R-Smads^Bv. '-ifil 

inJinkef; region a^e^ndicated:^^0^- ^v-) 





j Srriads) 7- R-Smads and/ Co-Sriiads are homologous in 
*" k ; ; l iRei'r .unihOH and carboxyl-termihals, called the MH1 
. , and MH2 domains, respectively. These domains are 
connected by a proline-rich linker region. R-Smads 
contain SSXS phosphorylation motifs in their own 
carboxy termini. 

Smadl, Smad5, and Smad8 are involved in BMP 
signaling and become phosphorylated by ActR-I, 
BMPR-IA, or BMPR-IB (113-117). Smad2 and 
Smad3 are mediators of TGF-0 and activin signaling 

TCF-p SUPERFAMILY SIGNALING 



(127);^aiid>develop 'colon carcinomas < 4-6 months' 
after ■; jbirtK (128) . Smad3 null t cell lines ^showed" 
strongWr impaired TGF-P responsiveness and indi- 
cated an important* role for Smad3 in TGF-p-medi- 
ated inhibition of cellular proliferation (126). The 
Smad3 knockout phenotype observed by Zhu and 
co-workers (128) classifies Smad3 as a tumor sup- 
pressor gene, although SmadS mutations have not 
yet been detected in tumorigenesis (129). 
TGF-P-mediated phosphorylation of Smadl has 



2U1 



^ identiKed in Xenopus (144; 145; C. Hill, personal 

:$P&|fj>i$^^ communication) 
been detemihe^ ^ in 

% T^ ^ Mechanisms controlling Smad activati n 

phosphorylate anil acdvate BMP-^^^ D . . . , 

Smack |113, 114; T. Imamura, P. ten Dijke, and K. °f cur ^ s . m P nomers ,n , the cytoplasm (146) 

Miyazqno/ pereonal communication)^ thus ^ d ^ d ^ d ^ » »^eptor a?a ? uon, 

eofep^^ Smad phos- Si ? ""J ^J^S *" ^ - ^ 

pho^lalc^ , P ^#*I9^W? 

' tfe^m^beeri rha^teriied: mam- R ^l l ° *f TG I±5 ec fP toR » P™«noted by the 



malian Smad4/DP^^^ iblbh carcinoma; 

Me^ra^(^ 
ab^nce 

ii^Sih^ the 
synergistic ai#^ 

scriptional activation of target genes ami induction ;i 
of mesoderm (121, 134^137). The im]portance of 



action of SARA, a FYVE zinc finger domain-contain- 
ing protein that interacts with toth 
and Smad2 or Smad3 (Fig. 2) (147, 148) ^e highly 
conserved L3 loop of R-Smads, which protrudes 
from the MH2 core domain as , observed r in the 
Smad4-MH2 crystal structure (139),; is involved in 
specifying type I interactions with tpM ^d BMPPW 
(150). This loop varies between Smadl and Smad2 in " 
only two amino acids, and exchanging these residues ' 



P c uVr . . . , , - • . * between Smadl and Smad2 enables their binding to ^ 

4- m j 5 ^ 4 . fa . n !:!??? l?| g * ^ by. -it? titinor sup- ^ T 0RJ and BMPR-I, respectively (79, 149). The a-he- "ft 

R 5- i^ressor acuvity; Imutaticm or deletion of;Smad4 "'lix.' l^f^a^ Ideated ri^ the L3 loop iriHhe 3^ 

_ often associated with tuifnorieenesis (132. 138-1411i. Him^d™*! cr™^;;^ „u \S^ z ^_ 1 



--.-if 




type I receptors (133) . ^though 
abundantly present to allow Tkv signaling even when 
hypomorphic alleles are expressed, the inability to 
fully abrogate Tkv signaling mijght also reside in the 
fact that another, yet unidentified, Co-Smad is in- 
volved in Tkv signaling or that Tkv can signal inde- 
pendent of Medea. Besides the XSmad4 ortholog, 
another Smad4/Medea-like protein was recently 



Domains controlling nuclear translocation 

Whereas iigand-induced nuclear translocation of R- 
Smads is not dependent on expression of Co-Smads 
(136), Co-Smads require association with activated 
R-Smads in order to enter the nucleus (136, 151). A 
carboxykerminal truncation of Smad4, correspond- 
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Smad3 .' 



Stnad4 



MHI 



MHI 



anchor for activation 

type 1 receptor 

homo- and heteromerization 
ofSmads 




transcription factors 



Snud2.Smad3.SiwM 



c-hin 



CBP/p300 



=a ^f__ Figure 4. Smad intenwting^ 
view of the mtenic^ 
and Smad4 v ^Lp)^TO 

suSSsSSsS c 'J un » ari<I Evi-1 . The inl^w^ 

T0R-I with Smad2 ^r;dj^;;^ 
through the L3 loop in the MH2 dbriiaih/ j - fj^ 
and association of FAST-1 Wi^^nia^ 
Smad3 is :de|ennihetl%;^^ 
lix 2 in MH2'ddmain;-f;v 



ing to a mutation of Smad4 found in pancreatic 
tumors (132) and identified in an inactive form of 
Mad in Drosophila (III), dominantrnegatiyely inter- 
feres with nuclear transport of all R- and Co-Smads 
(137). . in contrast, a comparable mutotion in R- 
Smads does not affect their nuclear localization , 
(137). This indicates that the carboxykerminal part 
of Co-Smads is required for nuclear trafficking 
;:(137), whereas phbspHorylation 



156). Thus, the MH2 domain can exert : mjaj^ 
hibitory action on the MHI DNA bi^ 
In several promoters of genes inducj^^^ 

. signaling like type WlCoUaf^{feti$ 
1 58, 1 60) , unique ^elejnen ts jha^ 

; with which Smad3 and Smac^ 



in these promoters are highly related and indicate ah 

AGAf^o 





glike ;the^TPA^p^ 
es (in the cojls^ri^ iff| 
^uen<^>^ 

of the PAI-l ^er^^Xl,68).^T^^ : p$i>-> 

<yV^ 'MH2 domains differentially cdritribute to this prdp- /WAFl/<3jpL';and pl5/INK4B :gene promoters lack 
■t> il erty. Direct binding of Smads to DNA was first shbwn * V .SBEs, but TjGF-P transcriptionally regulates these genes 
v by the interaction of the Drosophila Mad-MHl dp- via, the Spl site (169-171). It has been suggested that 
: * main with specific sequences in the promoter of the 
Dpp target gene vestigial ( 156) . A prerequisite for the 
interaction of Mad, Smad3, but not Smad4, with 
DNA is the dissociation of the MH2 domain from the 
MHI domain, which is achieved by ligand-induced 
phosphorylation of the SSXS motif in R-Smads (154, 



the interaction of Smads with additional transcription 
factors such as AP-1 (Fig. 4; 166; 172, 173), forkhead 
activin signal transducers (FAST; 165, 167, 174), or Spl 
(169, 171) confers additional DNA binding specificity 
to the Smad-containing transcriptional complex (see 
below). 



PC 

lift 
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: ^ as transcripti nal 

Studies with Xenopus ex pi ants, in which injection of 
the Smad2-MH2 domain fully, induced dorsalization 
of mesoderm and secondary axis formation analo- 
gous to activin signaling ( 122) , suggested an effector 
function for MH2 domains. Furthermore, transcrip- 
tional were 
stioj^ by Ifi^ion constmcts of Smad 1-MH2 or Smad4- 
Ml^2; ^ binding domains 

(175); Heteromerization of Go-Smads with R-Smads 
is obligatory for their transcriptional activation prop- 
eities (136, 153, 176). 

Several domains in Smad4 have now been identi- 
fied to contribute to its important role in signaling 
by members of the TGF-fi superfamily. As mentioned 

-above, the- MHl domain enables the interaction of 
R-Smad/Co-Smad complexes with DNA, which is ofi 
particular importance for Smad2~Smad4 hetero- 
meric complexes (136) since Smad2 is not endowed 

^^^;pNA^binding.-. capacities/ The MH1 domain 
autosuppr the MH2 effector domain J 154), and 



^y^^m 1 _ 

Whereas Smad2/Smad4/mFAST-2 complexes 
drive transcriptional activation of the goosecbid re- 
porter, Smad3/Smad4/mFAST-2 complexes ^ w 
found to suppress promoter activation, presumably 
because Smad3 and Smad4 share the same DNA 
binding site (165). This suggests that the relative 
expression levels of Smad2 and Smad3 in a cell 
might determine the outcome of certain biological 
responses induced by TGF-p. 

Additional evidence for differential roles of Smad2 
and Smad3 comes from observations in human ker- 
atinocytes, where TGF-0 stimulates Smad2 and 
Smad3 to comparable extents while activin predom- 
inantly activates Smad3 (182). In human king epi- 
thelial cells, Smad3 more potently induces apoptosis 
compared to Smad2 (183). . . . 

Cooperation of Smads with the AP-1 complex 

Characterization of Smad binding sites in a collagenase 




i^vv Avith jLraijscnptional potencies (17^^^.,.. ^ 
h 'Smicls' interact 



!iT T: i - : ^ : "^ 7 "?^ ? ?¥^>^/>^r^' . ' ^ * x '^'r'''\&*KV ! $. .v-^- }:\M<'-':-r^f- ^^^V-^^f^-^ngie^At^i' site^:^b21^i'hislcrp^.talk.;r 
'Y* i The fii^idience thiit &ftd^ihteH^ '^g^SS v^m^r^W toel^f^ 

|?vy^witteriscrip 



transcriptic 




^ JptpW* ^th^sin^fe^APrl site C1^2y^This;t 

migHt^.^ leyehqf copr^inatipn ^between.i, Jl 



^ in" the^;:'?.^^'"'^'^^ ^ J: ',»;^m:^- ^-^^^^^n^iPit . 

- >^XmopusMix2 promote^ (ste Figs; 4r5) (136, • 180; i-^lnsigte 

181). Human FAST-1 arid mouse FAST2 (mFAST-2) - activating functio^ was refeehtiy^um^Veled v by the 
have been identified as well^but share little sequence * " " w ' 2 * ' ' 



t 



£ ■ 



homology with XFAST^l (165, 167, 174). FAST-1 
efficiently interacts with DNA, and Smad2 and 
Smad4 contribute in providing additional DNA in- 
teractions as well as essential transcriptional activa- 
tion properties (136, 167, 174, 180, 181). Phosphor- 
ylation of the Smad2 SSMS motif is required for 
interaction of a-helix 2, exposed from the MH2- 
trimer structure, with FAST-1 (136, 167, 180, 181). 



interaction of ; R-Smads +; withf the- cbaicfivators p300 
and CREE binding protein : (Fig. ^)' (GBP; 176, 
184-187). These coactivators contribute to transcrip- 
tional activation by loosening the chromatin struc- 
ture or by increasing the affinity of certain transcrip- 
tion factors for DNA through their intrinsic (or 
associated) acetyltransferase activity. In addition, 
they act as a bridging factor between transcription 
factors and the basal transcription machinery (184 



2114 Vol. 1 3 December 1 999 



The FASEB Journal 



PIEK ET AL 




and references tHereiri), In view of the importance 
of Smad4 for transcriptional activation of the Smad- 
p300/CBP complex, Smad4 might function as a 
reactivator as well (176). The interaction between 
the MH2 domain of R-Smads and CBP/p300 is 
triggered by ligand-induced phosphorylation of the 
carboxykerminal SSXS motif (176, 184, 186). Phos- 
phorylation most likely induces a conformational 
change in the, R-Smad molecule, which then results 
in exposure of the CBP/p300 binding site; deletion 
of the NH.j terminus arid part of the carboxy termi- 
nus, leaving the CBP binding site intact, enhances 
the affinity of Smad3 for CBP/p300 (184). The 
carboxyl-terminal region of CBP is required for 
Smad interaction (176, 184, 186) and can associate 
with other transcription factors like the adenoviral 
oncoprotein E1A. E1A is known to interfere with 
TGF-jjWdiated signaling (188, 189) and is shown to 
abrogate Smad-mediated transcriptional activation 
(176, 184, 186), most likely by direct competition 
with Smads for binding to CBP/p300 (188, 189). 

Negative regulation of Smad function j 

1^4-^^** : vv^^ti^^^yanci>rB"MPs. ^ h^Ve :*bei^ ^shoV^ 



ActfUt " TpiW 




Figure 5, TGF-0 superi'amily signaling throughiii^a^^ • v^ffil 
during Smad and, inhibitory Smad pmteins^-After "'ty|ie 'T ^'WljF 
receptor activation, R-Smads become phosphorated, form 
homomcric complexes with each other, and assemble, into 
: heteromeric complexes with .Co-Smad t Smad4. Trirners are 
' showii, but* hexamers, have not ^ been excluded? The stoichi- wi$| 
ometry between the components is unclear. *Xhe ; heteromeric: 
complexes* translocate into the nucleus; \^ Kffjf 




GBP#p3QQft 



$ the^observed com^ 

;-f t ^s .i j s ignal transduction pathways at-theil'eVel^of cdactiva^ ' ' 



pathways i 



of ah acti\in-resporisive" factor* thut' interacts direcdy .^ih "an .™ 
j ? acti vt n^lependen t man net* \vi tb an acuvin response ;elemen t ^ 

^otyth^;/x^^ 

t :R-Smadsiby; competing* With^ilVemifor^ 

- < vaied type, j *i eceptors -lor jby d irect jy* competi ng^viith iR-Smads i "f|Jtf 




ai 

i* >. '•* * 




t0Jnteraictigir of iHe firsU/zincflM^ 
/; ^^riuGlearf protein !Eyi- S >wi th ^tKe^M W 2^dbmai ri; 
^$m^3u 



signaling 

; ^respon'ses; 



bp: 



'.V; 




; ^jWo^jse ,embryogenesi|v suggesting:\it,-e(>uld Vplaj^ a 

|v<-,<^regi^a^ : Jl 



I* - : J" 



■5.- 



'Marrimalian; Smad6; Smad7i knd : Drosopkila Dad ha\e 
j5 ^been^ characterized as inhibitors; of IrTGF-P signal 
; transduction (Fig.5) (I94Tfl98).\\Tiereastheiramino-V 
terminal domains are; highly diverse - ahd share ..only 
weak similarity to other Smads, they are homologous/ 
to the R- and CoSmads in their MH2 domains. 
However, inhibitory Smads lack the carboxyl-termi- 
nal SSXS phosphorylation motif, which may enable 
them to stably associate with type I receptors and to 
interfere with receptor binding and activation of 
R-Smads. Phosphorylation of the type I receptors by 
the type II receptors is essential for inhibitory Smad 



, associatioii^ 1^4^196, 199)>andithe MH2 domain of 
.anti : Smads suffices in,exhibitineYhevinhibitory effect vm,:1v& 
( 194yl§6 ? i^M^ ^00)^ 5 as>manif^ v ^ 
':■ IVSniad^msphcn^^ 
* \ ^ron^nzajtipn Jyi th iCc^Smad^and nuclear^ra 
/. tipn^a>>>yejl , a^abro^ 

transcriptiionai i responses^ and:|gi:owth^mhibiti6 k'f^ 
" ' U9^Q^ Vj^8^2iP2) v . ; . J|. -"ih^s^- \l?e<en ^i^p^ecll that Js| 
r.^Smad&^uexertjte^ \ia aii alterna- 

votive mode that involves BW^nduced ,as^datjcm :of 
. ;Smacl6 j^ritti phpsphorjlated Smad 1 , thereby .compet- . 
, ing witli jictivated Smad 1. fiii-- heteromerizatioh with 

The e^xprcssion of the. inhibitory. Smads is quickly ^ 
induced upon stimulation by TCF-P superfamily' ..;,^| 
, f membei-s and tjiereljy prayjdes an autoinhibitory ' ^| 
mechanism "in TGF-0 signaling ( 196, 197, 201, 203). 
The human Smad7 prompter contains an SBE con- 
sensus site that, when fused to a luciferase gene, 
induces luciferase activity after TGFrP stimulation 
(G. Brodin and R. Heuchel, personal communica- 
tion). Thus, after receptor activation, R- and Co- 



. 1.. - :» ' 
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in transcriptional 

IIt^M 6f inhibitory Smads might play 

a role ift s^qficaUbh of their inhibitory actions: 



particular R-Smad pathways provide a tightly con- 



in their ca^xy^erminal domaih: but nly 51% in 
the atninchtenriinal region, exert differential effects 
in inhibition of TGF-p and activin signaling (199). 
. Mouse Srnad7 inhibits TpR-I-induced phosphoryla- 
tion of Smad2 and Smad3 (194, 196 1 199) t BMPR-1A 

7 and BMPR-IE^mediated phosphoiylauon of Smadl 
and Sinad5 ( 1 W) i ; and ActR-I mediated phosphory- 
lation of Smadl (199) ^ appears to be a 
common- m activation. Whereas 
Smad6 has been implicated in inhibition of TGF-(1 
signaling (194, 2104), it appears to play a more 

■ pronounced role in inhibidon of BMP signaling 
,(£ig. 5> (195, 200, 2(^1^203, 205, 206). The mecha- 
nisni oMction for in TC?F-0 super- / 

family signaling is evolutionarily well conserved; it 
has recendy been shown that Dad, which is a Dpp- 



Modulad n f Smad signaling by MAP kinase 
pathways 

The mitogen-activated protein kinase kinase kinase 
TAK1 (TGF-0 activated kinase 1) has been shown to 
be phosphorylated and activated upon TGF-p or 
BMP-4 stimulation (208), and can mediate transcrip- 
tional activation of a luciferase reporter driven by a 
TGF-|J-inducible element of the PAI-1 promoter con- 
taining three AP-1 sites. This effect is strongly en- 
hanced by the TAKl-activator TAB1 (209). The in 
vivo relevance of the cooperative functioning of 
TAK1 and TAB1 was demonstrated in Xenopus meso- 
derm development in which TAK1 and TAB1 ; pro- 
moted yentrai mesoderm induction and perturbed 
neural differentiation, thereby substituting BMP sig- 
naling (210). The human X-chromosome-linked in- 



% ^inducible inhibitory Smad in Z>rw<^Wa ^97), inte^^ : h 

r ^t^S^;\n/ ™J^> rbbth^BMP recept&rs as well as with TAB! and en- 



2 




§|;:^sisf^ 
^^niost^ 



$C v" C , ^4 v ! A^downstream phosjpfto^ f; 5 



tion of Rfmads after receptor, activation; the mech- 1 terminal -Kinase '^NIQ^patK^'fiii^W^l^ing' to 

.ani^^p^^^^s^docated.to the plasma/I activation of cjttn^tKai |WK*fcUvitv.- induced by 

membrane after JGF$p receptor activation is un-f. hematd^oiaie pi^geiiitoK kin^ can be 

known. An interesting possibility, which remains to ] perturbed by expression of a kinase inactive form of 

be elucidated, is that inhibitory Smads in addition TAK1, there are indicationvthat TGF-0 might exert 



function in transcriptional regulation. Differential 
compartmentalization of the inhibitory Smads, in 
combination with induction of their expression after 
signaling by TGF-P superfamily members, and the 
fact that inhibitory Smads can selectively eliminate 



JNK activation via the HPK1-TAK1-SAPK/JNK route 
(214). The small Rho-like GTPases Rho, Rac, and 
cdc42, which signal via the SAPK/JNK pathway, have 
also been shown to be important for certain aspects 
of TGF-p signaling (215, 216). 
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The^ 

predion of dominant n^tivtr metiers of the 
SAjPK/JNK pathway prevent both TGF-(3t and Smad4- 
mediated transcriptional response (217). The inter- 
face of SAPK/JNK- and Smad-signaling might be at 
the level of Interaction between c-Jun and Smad3 f 
since these transcription factors have been shown to 
associate after TGF-fJ sUmulatiqn and synergize in 
activating a transcriptional reporter con tai n i ng AP- 1 
binding sites, (163, 166)1. 

Other levels of interaction between MAPK path- 
ways and Smad signaling have been elucidated. In 
the linker regions of R Smads that connect the MH1 
DNA binding domain with the MH2 transcriptional 
domain of receptor-activated Smads, several ERK 
recognition sites (PXSP, or PXTP motifs) (Fig. 3fi) 
and JNK motifs (XXSP) are present in the linker 
. regiohofR-Smads. Phosphorylation of these sites in 
Smadl~by EGF or HGF has been shown to circum- 
vent nuclear translocation of Smad 1 and indicates a 
^ J, . role for^ERK signaling in. the ; modulation. of TGF-^ 
signaling (218), On the other hand, EOF and HGF 
: . | have been shown to /mediate signaling^a Smad2, 
"j ; activated by, kinases 1 db\^tr;^m (2id) ; . 
^Vifi^X?lQ^V' v tieletio^ 
fr; 1 ^ : mati^; S^^M)S jab^gates^ lH<0-, : ' : 

i'v: : : '^li^in^ic^^Siffidl ^or* Smad2 p^ their { 

' ,fii^l^r ;trahslocatibh> 



ily members (reviewed in reft'^V:')^ 



induced heteromeric complex formation 6|^^q|p^OT 
type I and type II receptors, f^^jpulaii:?.:. f^H^^^^^a 
transiently interact with and becoirte p»hosphpryIated ' 
by the activated type I receptor kina^. Subsequently, 
R-Smads assemble with Cr>Smads into heteromeric 
complexes that translocate into the nucleus, where 
(in combination with other transcription factors) 
they regulate the transcription pf target 

One TGF-0 superfamily -memb^^^ 
multiple type I receptors and multiple >-Sna^^^K;HV'S^ 
mediating a distinct set of responses (i^yjew^ 
29, 101). Thus, the receptor and ^ Smad^ ^pre^ibn?^5-^ 
profile in the target cell is an important fikrtbr^^^ 
decides which particular cellular responses -are^inr^l- 
duced by a TGF-0 superfamily member. In additipj^3|^ 
the repertoire of transcription factors that aire"; &^ 
present in the cell with which the Smads can iriteraict ;Sfl 
is a critical determinant. Although multimerized -fp 
Smad binding element is sufficient to drive TGF-^- y ' 
induced transcription (reviewed in ref 155), emerg- ,^ 
i ng , ;P,r9mo ter analyses , of f T^GfriJ ^supjenfam ity. : target j Yv? 
genes- Tindicaie that { . i transcriptional^ regulation Js^ A ^ 
acmeyed; by/ewp^m 





' ■tiohafcsejecniYky^ 

; ^ y '^e^l^^^ >in t f§M 




; pp&ibilitMlM SmadHrideperideht s 

/Vciirs;*TCT 
: gene caii bccii^ 




^fX ''s|gnalirig s : inhibi is TGF-0^^ i*e-> 

Vspons^br * mediates 
-H ?f f ^n^9g? us fy» differences^ in .e^ mi|h t ; 

;^'^.l;underlie^ 

^ rolS df Kas/MAPK in TG£0 s^^ 

; £ f: t , tNjtiiii io r " cell sy s te ms. PhbsplwiylaU^^f TERKisites$j ri : ': 
h^K^tfie liriken 
r -; ' ? ViS^PT ^HVV^R^trahsform^ 

V: : ^EpH4 cells ihhibibTGF-P^Smad^^ 

- t yv^i^i«es^/MEK signaling^ 

^^rv' jECl.^ cells;'a 
|T v.^- .; 4-^erati^ 

* : > ■ :-<<■ - ./ ably by phosphorylation of Smad 1 on the .four ERK T 
* * \ sites in the linker region (22 1.).:;;/-: 1 ■■• * ^ * 

v - ■; -* ■ ' ' ' -*f' **"»•■ i'M'';': 




CONCLUSIONS AND PERSPECTIVES 

Recent genetic and biochemical studies in C. elegam* 
Drosophila, Xenopus, and mammals have now firmly 
established the TGF-0/Smad pathway as a pivotal 
means for intracellular signaling of TGF-0 superfam- 

TGF-p SUPERFAMILY SIGNALING 



]' dose-dependehl elfects of TGFTP'family members pri ' i; *M 

the expression of -thousands of genes/proteins simul-. 
J taneously. In addition, changes in ihe expression v 
patterns on ectopic expression of consututively ac- 
tive or dominant negative versions of signaling com- 
ponents or on ligand stimulation in cells deficient in r 
such components can be measured. The target 
genes/proteins identified will need experimental 
follow-up to evaluate their importance in various 
biological responses. Moreover, the involvement of 
different type I receptors and Smad molecules in 
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cases where a nullmutoiion J<^s1^ '^"^ 



ily members implicates a jte&l ^f^r - ^|jht. control of 
llieir^ activities.; Indeed, both positive and negative 
(fee^ck) regulatory mechanisms have been ob- 
served at nearly every step in the TGF pf superfamily 
signaling cascade, from the release of biologically 
actiy? ligand to the Smad-mediated transcriptional 



onal lethal phenotype/ condiUonar 
proaches will be required to study the, 
component in late development pr adult tissues In 
addition, transgenic approaches in mice with domi- 
nant negative or constitutiyely active fbi^k pf TCF-p 
superfamily signal transducers under inducible or 
tissue-specific promoters will provide important in- 
formation regarding issues of signaling specificity 



- r ■ i "0£V" % V" " **?t." ■ ■ - - **f. , 1 i*|T; MWIiai ivguium^ laauvf) ui signaling a 

^^$^(^^ with and diversity in different cellular contexts. 



<HKer |^ future 
studies, tg;, h^ the 
rctiy^ expression, subility, or subcellular 
tipiri ^TQ^ supeifamily receptPrs and Smads. In 
addition, the pleiotropic action of T^^ 
il^i memjt>ere of multiple 
closejy related^ TGF-0 superfamily members with 
different expression and activation patterns, The 
^^;naTOm|fton TQE-P superfamily wll;likely continue 
0-' to grow until the complete human "sequence has 
p been elucidated at the beginning of the next cen- 
Uti^^tuiy^-v ■ ■ - ~ - - — - 



The improved understanding by v^icH 
superfamily members elicit and reflate different 
responses will be essential in the design ; oi new 
therapeutic approaches for various diseases caused 
by deregulated activity ofTGF-P family members For 
example, antagonists of TGF-J3 could be applied in 
various types of fibrosis that are due to TGF-0 
overactivity and agonists of TGF-p in diseases in 
which enhanced activity is beneficial, such as wound 
healing or immunosuppression. In most cases it will 
be advantageous not to inhibit or activate all activi- 
^es f o^^ members. By understand- 



m 
■■#1 




TGF-0 supeifamily signaling. 

In mammals, the physiological significance of in- 
teractions between ligands and receptors, between 
receptors and Smads, and between Smads and Smad- 
interacting proteins, as well as the importance of the 
signaling pathways in which they act, need to be 
validated through comparison of the phenotypes of 
mice deficient in a particular TGF-0 superfamily 
member, receptor, Smad, or target gene. In those 
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Abstract Chronic ail o graft nephro- 
pathy (CAN) is a major cause of 
graft loss after renal transplantation. 
Implicated in the pathogenesis of 
this complication is overproduction 
of the cytokine transforming growth 
factor beta (TGF ff). In this study we 
measured changes in CAN's expres- 
sion in stable patients early after 
transplantation, and studied links 
with established risk factors for 
CAN, such as delayed graft func- 
tion, acute rejection, and cyclospo- 
rine exposure. We took biopsies 
from 40 renal allografts at time of 
transplantation (pre-per fusion), and 
then, using ultrasound guidance, at 1 
week and 6 months after transplan- 
tation. An immunofluorescence 
technique was used to stain sections 
for active TGF /?. These were then 
assessed by semi-quantitative scan- 
ning laser confocal microscopy. 
There was very little variation in 
active TGF-/? expression among pa- 
tients in their pre-perfusion biopsies. 



Expression had increased by 1 week 
and then very significantly by 6 
months (P< 0.0001). Patients who 
suffered delayed graft function had 
increased TGF- /J expression at both 
time points. There was no difference 
regarding donor type, acute rejec- 
tion, and immunosuppressive drug 
(cyclosporine or tacrolimus). There, 
was no correlation between the 
amount of TGF-/? expression at any 
time-point and isotope glomerular 
filtration rate (GFR) at 12 months. 
This study demonstrated that in a 
group of stable renal allograft 
recipients, TGF-/? expression in the 
kidney increased after transplanta- 
tion. As the study used protocol 
biopsies, this increase is unlikely to 
be due to acute events, and probably 
represents a genuine increase. 



Keywords Chronic allograft 
nephropathy * Transforming growth 
factor beta • Protocol biopsies 



Introduction 

As the use of modern immunosuppressives has resulted 
in less early graft loss due to acute rejection, many renal 
transplants succumb to a gradual deterioration several 
years later. This is characterised histologically by fibrosis 
affecting all compartments of the kidney, and is most 
commonly described as chronic allograft nephropathy 
(CAN). While the aetiology is incompletely understood, 
evidence from other forms of renal fibrosis suggests that 



a crucial common pathway is a disturbance in the con- 
trol of extracellular matrix (ECM) turnover. While this 
control is complex, one cytokine, transforming growth 
factor beta (TGF /?), has been consistently shown to play 
a vital role. 

TGF p has been studied extensively in experimental 
models of renal disease and increased expression and 
shown to be associated with histological changes of fi- 
brosis [22]. In transplantation, there is much circum- 
stantial evidence to support its role in CAN [8], however. 
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much about its overall significance in the process re- 
mains unanswered. One of the reasons for this is that it 
does play an immunosuppressive role, and, therefore, 
some of the up-regulation after transplantation may be 
beneficial [12], 

As yet there have been no reports examining TGF-/? 
expression in the same kidney sequentially from before 
transplantation and further into the early post-trans- 
plant period. This is of some importance, because it is 
likely that genotypic differences mean that individual 
recipients have different baseline levels that are related 
to their susceptibility to fibrosis [1]. Comparison be- 
tween patients may, therefore, be unreliable. A greater 
understanding of the natural history of TGF-/? expres- 
sion after renal transplantation would put into a better 
context the changes that are found during disease pro- 
cesses such as CAN. 

We previously studied the expression of active TGF Jj 
after renal transplantation using an immunofluorescence 
technique [14]. The aim of the present study is to 
quantify the changes in TGF-/? expression after trans- 
plantation using protocol biopsies at pre-perfusion, at 1 
week and at 6 months after transplantation. 



Patients and methods 

A consecutive scries of 40 patients undergoing renal transplanta- 
tion underwent protocol biopsies. BaseJine biopsies (pre-perfusion) 
were taken from each kidney at the time of transplantation, and 
subsequently tru-cut biopsies were taken using ultrasound guidance 
at 1 week and at 6 months after transplantation. Patients whose 
grafts had failed prior to a 6-month protocol biopsy were not in- 
cluded in the study. All patients underwent regular clinic follow-up, 
and renal fundi on was quantified by use of the isotope glomerular 
filtration rate (GFR) measured by Cr-EDTA at 6 and 12 months 
after transplantation. For immunosuppression we implemented a 
dual therapy with calcineurin inhibitor (cyclosporins or tacrolimus) 
and prednisolone. Patients with kidneys from non-he art -beating 
donors received reduced doses of calcineurin inhibitors and aza- 
thioprine (triple therapy). No patients were administered angio- 
tensin converting enzyme (ACF.) inhibitors or angiotensin II 
receptor antagonists. Biopsy specimens were all assessed by an 
experienced histopathologist (PNF) and graded according to BanfT 
criteria [16]. 



TGF-/? immunofluorescence staining 

Paraffin-processed tissue sections were de- waxed and re-hydrated 
before being incubated with 'blocking' scrum (normal human 
serum 1/15 and normal rabbit serum 1/5 in Tris-bufTered saline 
(TBS) pH 7.6) for 2 h at 4 °C. This was followed by incubation with 
the primary antibody, chicken anti-human TGF /?1 (RD systems) 
at 1/100 in blocking scrum, overnight at 4 °C. The specificity of this 
primary antibody had previously been shown by its capacity to 
block the biological activity of TGF ji in an epithelial -cell prolif- 
eration assay [13]. After having been washed in TBS for 10 min, 
sections were incubated for 2 h at 37 °C with rabbit anti-chicken 
IgG conjugated to fluorescein isothiocyanatc at 1/400 in blocking 
serum. Sections were then washed for a further 10 min in TBS and 
mounted in fluorescence mounting medium (DAKO. Ely, Cambs., 



UK). Matched negative controls were prepared by replacement of 
the primary antibody with normal anti-chicken IgG. 

Sections were analysed by scmi-quantitativc scanning laser 
confocal microscopy as described previously [17]. Data were ex- 
pressed as the ratio of mean fluorescence over the selected area of 
experimentally stained tissue (excluding the tubule lumen) to the 
corresponding value in control sections. 

Statistics 

Values of TGF-/? staining intensity over time were compared using 
the Wilcoxon signed rank test. Comparisons between different 
groups were made with the Kruskal-Wallis test for comparison of 
non-parametrically distributed variables. 



Results 

Details of the patients studied are shown in Table 1; 
those of the histological findings in the protocol biopsies 
in Table 2. Histological results were mostly normal, 
however occasional sub-clinical rejection was found. 
Over 25% of the 6-month biopsies showed evidence of 
fibrosis. 

The most striking finding was the highly significant 
increase in active TGF-/? staining 6 months after trans- 
plantation (Fig. 1). When the levels of the individual 
patients were plotted, 34 showed an increase in TGF j8 
over time and only six a drop (data not shown). The 
TGF-/? levels both at pre-perfusion and 1 week after 
transplantation were similar and did not show a large 
range. TGF-/? levels did not seem to be affected by do- 
nor type (Fig. 2). Although there was only a small 
number of patients in this study, an attempt was made to 
determine whether any of the established prognostic 
factors for graft outcome were related to the rise in TGF 
p. Only delayed graft function (DGF) seemed to be 
relevant; patients with DGF displayed increased TGF-/? 
expression at both 1 week and at 6 months, when 
compared with those who did not, however, neither of 
these results quite reached significance (Fig. 3, 4). Six 
patients developed acute rejection in the first 6 months 
after transplantation; they did not have higher levels of 
TGF p at 6 months (Fig. 5). The type of immunosup- 
pressive drug administered did not affect 6-month 



Table 1 Patient details (/i = 40) {CAD cadaveric donor, NHBO 
non-heart-beating donor, LRD living related donor, CIT cold 
ischaemia time) 



Characteristic 



Mean donor age in years 


42.5 (14.2) 


Mean recipient age in years 


44 (12.7) 


Gender ratio (M:F) 


24:16 


Donor type (CAD; NHBD; LRD) 


17; 14; 9 


Mean CIT 


12.3(8.0) 


DGF 


14/40 (35%) 


AR by 6 months 


6/40 (15%) 
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Table 2 Histological findings in protocol biopsies (according to 
the Banff 1997 classification) 



Diagnosis 


Biopsy 








Pre-perfusion 


1 week 


6 months 


Normal 


36 


21 


26 


Acute tubule necrosis 


0 


13 


0 


Borderline rejection 


0 


4 


3 


AR 


0 


2 


0 


CAN 


4 


0 


11 



TGF-p levels either (Fig. 6), and there was no correla- 
tion with drug levels for either agent (data not shown). 
There was no correlation between TGF-/? levels at any 
time-point and GFR at 6 or 12 months after trans- 
plantation. 



Discussion 

This study demonstrates increased levels of active TGF 
P in renal transplants at 6 months when compared with 
baseline pre-perfusion levels. As the study was carried 
out using protocol biopsies, changes were likely to be 
due to transplantation rather than to any particular 
condition for which the biopsies had been taken. This 
study comprises a relatively small number of patients 
and so does not have the power to demonstrate differ- 
ences between patient groups after transplantation. 
Furthermore, it does not show any influence of TGF-/? 
levels on prognosis. This will need larger studies. 

There have been problems with the study of TGF-/> 
expression in biopsy specimens because of uncertainties 
about whether staining distinguished between active and 
latent forms. The antibody used in this study has been 
shown to react only with active TGF* /?; this study was 
therefore carried out optimally |13J. 
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Pre-perfusion 1 week 6 months 
Timepoint 

Fig. 1 Changes in TGF-/? expression after transplantation 



Although several human studies have reported in- 
creases in the expression of TGF in CAN [15, 18, 19], 
none of these drew comparisons with stable post-trans- 
plant patients. Hence, it is not clear whether TGF is truly 
involved in the process, or if it is an innocent bystander. 

There have been few studies of renal TGF-// expres- 
sion after transplantation in stable recipients. Lantz et al. 
included the biopsies of seven stable transplant recipi- 
ents 6-24 months after transplantation in their series of 
28 biopsies stained for TGF [10]. Those showed defi- 
nitely increased staining when compared with normal 
controls, measured in a semi-quantitative manner on a 
scale of + to + + + . No difference was shown between 
stable transplants and those with acute rejection (AR) or 
CAN. The only other study of TGF-/? expression in 
stable patients after transplantation measured its levels 
in plasma. [5] There was a definite increase in the 17 
transplant patients when compared with 43 healthy 
controls (P = 0.0004). Again, no difference was deter- 
mined between the stable transplants and those with AR 
or CAN. These findings are in agreement with those in 
the current study, which shows that while there was a 
definite increase in TGF fi at 6 months, levels were not 
affected by established risk factors for CAN. 

There is a very good reason for increased TGF-/? 
levels in post-transplant patients, as it has an immuno- 
modulatory role and is likely to be significant for re- 
ducing the extent of the reaction against the allograft 
[12]. Tt also seems to be up-regulated by ischaemia and 
to have a protective role [11]; indeed this may explain the 
increased levels found in patients with DGF in this 
series. As well as potential beneficial actions however, 
TGF p does play a role in fibrosis, which has been 
described as its dark side |2|. Possibly, certain patients 
are more prone to the unwanted effects of TGF ft and 
an interesting finding with regard to this has been that 
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Fig. 2 Active TGF-/? expression 6 months after transplantation, 
according to donor type 
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Fig. 6 Active TGF-/? expression 6 months after transplantation, 
according to primary immunosuppressant drug 



there are various genotypes of TGF 0, with differing 
propensities for developing fibrosis [1], 

The calcineurin inhibitors cyclosporine and tacroli- 
mus induce TGF p [20. 21], and this has been proposed 
as a mechanism of action [9]. There has been much in- 
terest in differences between the two drugs, and indeed, 
we have previously shown that cyclosporine induced 
TGF j? to a greater extent in biopsies taken for diag- 
nostic purposes. A study using protocol biopsies after 
liver transplantation also showed this, and thus it is 
surprising that there was no difference found in the 
current study. However, all these studies comprise rela- 
tively small numbers, and so they are probably not 
conclusive. There have certainly been other studies that 
could not find a difference in the effects of The two drugs 
on TGF fJ, either [7]. ACE inhibitors have been shown 
to have a down-regulatory effect on TGF-/i expression 
[3], While there were no patients on these drugs in this 



study, they may have had a confounding effect when 
drug groups in other studies were compared. The use of 
angiotensin 11 receptor blockers therapeutically to 
reduce TGF-/? levels after renal transplantation is an 
interesting concept that is being explored [4], 

A correlation between increased TGF-/? levels and 
rate of decline in renal function has been shown by 
Cuhaci et al. [6]. In this study of forty patients, TGF-0 
levels were graded as low or high in a qualitative man- 
ner. There was no correlation between TGF-/? levels at 1 
week and at 6 months and renal function at 6 months 
and at 1 year in this study. Obviously longer follow-up 
will allow a more detailed analysis to be made. 

In conclusion, there still remains much to be learned 
about the importance of TGF /? after renal transplan- 
tation, and its role needs to be defined more clearly 
before its manipulation for potential therapeutic gain is 
a practical option. 
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